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 Interest in reducing methane (CH4) emissions by cattle has increased recently.  
Loss of feed energy as CH4 represents both an environmental concern and an energetic 
loss to the animal.  Manipulation of dietary composition has proven to be an effective 
mitigation strategy.  Experiments were conducted to evaluate the effect of several dietary 
characteristics on CH4 production in growing and finishing cattle, and to develop a novel, 
non-invasive method for quantifying emissions from animals in a production setting.  
Short-term gaseous emissions of CH4 and carbon dioxide (CO2) were measured and the 
CH4:CO2 was used in an equation with diet and performance characteristics to calculate 
daily CH4 production.  Additionally, two calorimetry experiments were conducted to 
compare results from the new method with previous calorimetry methods.  Forage 
quality, by-product inclusion, and use of monensin were evaluated in diets fed to growing 
cattle; and diet quality was the main determinant of CH4 production.  Animals consuming 
high quality forage or 40% distillers grains produced a greater amount of CH4, and had 
improved daily gains and feed efficiency compared with those consuming low quality 
forage or no distillers grains.  Impact of monensin on CH4 emissions was only detected in 
low quality forage and appeared to be dependent on growing diet type.  In finishing diets, 
fat source, inclusion of by-products, use of monensin, and use of nitrate and sulfate were 
 
 
evaluated.  Methane production was unaffected by source of dietary fat or presence of 
monensin.  The effect of inclusion of 50% distillers grains was variable between the 
short-term measurement-based calculated estimate and the calorimetry method.  
Additionally, a nitrate × sulfate interaction was observed in which addition of either 
nitrate or nitrate and sulfate in combination had no impact on emissions, but sulfate alone 
increased the ratio of CH4 to CO2 in finishing diets.  The newly developed method was 
able to detect treatment differences, however degree of agreement with calorimetry data 
was variable.  These data suggest that diet does impact CH4 emissions but effect of some 
interventions may depend on the basal diet type.  There appears be more opportunity to 
impact CH4 production in growing compared to finishing diets.   
 
iii 
 
Table of Contents 
 
INTRODUCTION ............................................................................................................. 5 
REVIEW OF LITERATURE ............................................................................................ 7 
Methane production by enteric fermentation...................................................................... 7 
Methanogens………... …………. ........................................................................................ 7 
Methane production……... ................................................................................................ .9 
Current estimates of methane production......................................................................... 12 
Methods used to quantify methane production…...…………………………………. .... 15 
Respiration calorimetry……………………………..………………… ................................. 15 
Sulfur hexafluoride tracer gas ......................................................................................... 18 
Carbon dioxide as an internal marker……….…. ............................................................ 21 
Short term measurements…………………… .................................................................... 24 
Prediction equations and models...................................................................................... 25 
Dietary strategies to reduce methane production by cattle............................................... 27 
Diet quality and digestibility............................................................................................. 27 
Hydrogen sink alternatives……………………………………….....……………………. ...... 30 
Inhibitors of methanogenesis............................................................................................ 37 
Ionophores……… ........................................................................................................... 40 
Plant compounds……………………………………………………………………………….....42 
Other methods: DFM, vaccine, defaunation…………………………………………………..43 
Conclusion……………………………………………………………………………….44 
Literature Cited…………………………………………………………………………..46 
CHAPTER II. Methane production, performance, and diet digestibility by steers 
consuming growing diets differing in forage quality, by-product inclusion, and monensin 
content…... ....................... ………………………………………………………………56 
ABSTRACT ..................................................................................................................... 57 
INTRODUCTION… ....................................................................................................... 58 
MATERIALS AND METHODS… ................................................................................. 60 
Exp. 1………… ................................................................................................................. 60 
iv 
 
Exp. 2…………………………………………………………………………………………...…..64 
Exp. 3 ............................................................................................................................... 67 
RESULTS…………………………................................................................................. 69 
Exp. 1 ............................................................................................................................... 69 
Exp. 2 ....................................................................................................................... ……71 
Exp. 3 ........................................................................................................................ ……73 
DISCUSSION……………………………………………………………………………75 
LITERATURE CITED ..................................................................................................... 83 
TABLES AND FIGURES……………………………………………………………….87 
CHAPTER III. Effect of fat source, monensin, and dietary nitrate and sulfate on methane 
emissions and performance of finishing cattle……………… .........................................106 
ABSTRACT ....................................................................................................................107 
INTRODUCTION ...........................................................................................................109 
MATERIALS AND METHODS… ................................................................................110 
Exp. 1………… ................................................................................................................110 
Exp. 2………………………………………………………………………………………...…...114 
Exp. 3 ..............................................................................................................................117 
RESULTS……………………........................................................................................119 
Exp. 1 ..............................................................................................................................119 
Exp. 2 ........................................................................................................................…..120 
Exp. 3 ....................................................................................................................... ..…121 
DISCUSSION…………………………………………………………………………..122 
LITERATURE CITED ................................................................................................. .132 
TABLES AND FIGURES……………………………………………………………...136 
 
 
 
 
 
 
5 
 
 
INTRODUCTION 
 
 Methane (CH4) as a source of energetic loss between gross and net energy 
extracted from feed by ruminants has been studied for many years (Wolin, 1960; Hristov 
et al., 2013).  Currently, interventions are being developed at the production level to 
decrease the amount of CH4 produced by cattle.  This has resulted in an increasingly large 
body of literature which suggests that we can manipulate CH4 production using diet, 
namely by making changes which affect the availability of hydrogen in the rumen 
(Johnson and Johnson, 1995; Hook et al., 2010).  The most promising dietary strategies 
are those which employ feedstuffs that meet another need in the diet (i.e., provide a 
source of energy or nitrogen) or are readily available ingredients that are already being 
utilized by producers (Hristov et al., 2013).   
 In order to evaluate the effect of these dietary changes on CH4 emission, there is a 
need for accurate, high-throughput measurement of CH4, compared to currently 
established methods such as calorimetry chambers or sulfur hexafluoride tracer gas 
(Pickering et al., 2013).  Ideally, new methods developed could be integrated into 
existing infrastructure and provide accurate measurements of CH4 emissions in 
production settings.  This research focuses on measuring individual animal gaseous 
emissions with short-term sampling and then uses a prediction equation to calculate daily 
production of CH4.  To this end, this research body utilizes the approach described in 
Madsen et al. (2010) in which CH4:CO2 is measured and CO2 is used as an internal 
marker to calculate CH4 production from energy intake that is not used for gain.  
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 Therefore, the objectives of the studies described were to evaluate the impact of 
various dietary treatments on CH4 production in both growing and finishing cattle.  Diet 
characteristics of interest included: forage quality, by-product inclusion, use of 
ionophores, dietary fat supplementation, and utilization of hydrogen sinks that are 
sometimes present in feeds such as nitrate and sulfate.  Of interest as well is investigating 
the potential interactions between these interventions and the basal diet in which they are 
being used.  A secondary objective of this work was to develop a method for efficient 
CH4 measurement which can be utilized to measure many animals in a production setting.   
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REVIEW OF LITERATURE 
 
Methane production through microbial fermentation in ruminants has gained 
attention, both for its role as a greenhouse gas and because it represents a loss of feed 
energy to the animal.  Methanogens, which belong to the kingdom Archaea, produce 
methane in the rumen (Hook et al., 2010).  Much effort has focused on discovering 
methods to decrease methane production in ruminants by developing management or 
nutritional mitigation strategies (Hristov et al., 2013).  However, evaluation of these 
strategies requires robust methods for measuring methane output in both experimental 
and production settings.  The development and validation of these methods has proven to 
be a significant challenge.  However, progress has been made in identifying nutritional 
factors that may reduce methane production (Hristov et al., 2013).  Feed intake and 
dietary characteristics are the main determinants of methane production and have been 
widely studied in growing and finishing beef cattle (Johnson and Johnson, 1995).  
Evaluation of various dietary intervention strategies and the methods used to evaluate 
their effectiveness will be the subject of this review.   
Methane Production by Enteric Fermentation 
Methanogens 
Methane production in the rumen occurs due to the presence of organisms 
belonging to the kingdom Archaea (Van Soest, 1982).  They are considered to be an 
ancient and unique group of organisms which are the strictest of anaerobes and inhabit 
some of the harshest and most primitive environments on Earth (Hook et al., 2010).  One 
of these unique environments happens to be the rumen.  Methanogens are found in a 
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variety of other ecosystems including swamps, heat vents on the ocean floor, rice fields, 
and in the gut of termites (Hook et al., 2010), and these sources are quantitatively 
important to worldwide methane emissions, however will not be the focus of this review.      
Seven orders of methanogens have been classified by taxonomists; 
Methanobacteriales, Methanococcales, Methanomicrobiales, Methanosarcinales, 
Methanocellales, Methanopyrales, and most recently discovered, 
Methanomassiliicoccales (Borrel et al., 2013).  Methanogens in the order Methanopyrales 
thrive on conditions (> 60° C) and therefore are not present in ruminants.  Members of 
the order Methanococcales are commonly isolated around submarine hydrothermal vents 
and Methanocaldococcus Jannaschii was the first member of the Archea to have its 
genome sequenced (Bult et al., 1996).  
A review of methanogenesis in ruminants by Hook et al. (2010) reported the 
identification of Orders Methanobacteriales, Methanomicrobiales, and Methanosarcinales 
in the GI tract of ruminants. Species within the order Methanobacteriales have been the 
most commonly identified methanogens in the rumen (Hook et al., 2010), although 
Wright et al. (2006) reported the presence of clones from Methanomicrobales in ovine 
rumen fluid and Whitford et al. (2001) reported two members of the Order 
Methanobacteriales (methanobrevibacter ruminantium and methanosphaera stadtmanae) 
were the largest groups of methanogens found in the rumen of dairy cattle fed a total 
mixed ration. Methanobrevibacter ruminantium almost exclusively utilizes CO2 reduced 
with H2 as a source of electrons, along with formate, which is degraded to CO2 and H2 
(Dehority, 2003 and Hook et al., 2010).   
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The order of Methanosarcina, which have cytochromes that act in the oxidation of 
methyl groups to CO2, are slower growing than methanogens in the rumen but are the 
most versatile methanogens, as they are capable of utilizing four different pathways for 
methanogenesis (Borrel et al., 2013).  Some examples of these organisms include 
methanosarcina barkeri and methanosarcina mazeii which can use a wider variety of 
substrates including acetate, methylamines, and methanol (Hook et al., 2010).  Nicholson 
et al. (2007) found Methanosarcinales species in fluid from cattle and sheep.  Due to the 
difficulty in culturing these strict anaerobes, only a few species have been identified and 
cultured from the rumen for study of their function and substrate preferences.  However, 
use of modern technology such as PCR and sequencing has spurred the recent discovery 
of additional species of methanogens, in both humans and animals (Hook et al., 2010).   
Biochemistry of methane production in the rumen 
Kim and Gadd (2008) described the grouping of methanogenesis pathways 
according to the electron donors used; hydrogenotrophic, methylotrophic, and 
aceticlastic.  Hydrogenotropic is the most common pathway used by methanogens found 
in the ruminant livestock (Hook et al., 2010).  There is also evidence for a fourth pathway 
which is a specific type of methylotrophic methanogenesis: H2-dependent methylotrophic 
methanogenesis (Welander and Metcalf, 2005).  Regardless of grouping, CO2 is the 
major electron acceptor in methanogenesis.  A variety of electron donors are utilized by 
methanogens, including H2, formate, methanol, acetate, methylamines, and carbon 
monoxide, although the majority of known methanogens grow when H2 is used as the 
electron donor (Kim and Gadd, 2008).   
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Fortunately in ruminants, the strains that use acetate to produce methane have a 
long generation interval (roughly four days) which makes them too slow to colonize and 
be successful competitors for substrates in the rumen (Van Soest, 1982).  This spares 
acetate from being degraded to CH4 and leaves most CH4 production to those strains 
which use H and CO2 or other substrates as mentioned above.  Formate is a byproduct of 
the fermentation of pyruvate to acetate, but is generally only found in trace amounts (< 
1% of total VFA) in the rumen, as it is rapidly oxidized to H2 and CO2, before reduction 
of CO2 to CH4 (Hungate et al., 1970).  
Despite the sharing of multiple common characteristics, presence of unique 
coenzymes is a basis for the hypothesis of archaeal evolution separate from bacteria 
(single-celled organisms that lack membrane-bound organelles; Woese, 1990).  Multiple 
unique cofactors are required for methanogens to function, the most prevalent of which 
are coenzyme F420, coenzyme B (7-mercaptoheptanoylthreonine phosphate), coenzyme M 
(2-mercaptoethanesulfonate), methanofuran, and 5,6,7,8tetrahydromethanopterin 
(Deppenmeier, 2002).  Coenzyme F420 is reduced by hydrogenase and formate 
dehydrogenase (Kim and Gadd, 2008).  Coenzyme F420 is fluorescent, and methanogenic 
archaea containing this coenzyme can be distinguished from eubacteria using 
fluorescence microscopy (Kim and Gadd, 2008).  The other most important coenzyme is 
Coenzyme M (2-mercaptoethanesulfonic acid), which is methylated to produce methane 
(Hook et al., 2010).  Coenzyme M, along with m-methanofuran and 5,6,7,8-
tetrahydromethanopterin replace tetrahydrofolate and S-adenosylmethionine as C1 
donors (Deppenmeier, 2002).   
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Figure 1 below, depicts two representative pathways utilized by members of 
either Methanococcus or Methanosarcina.  This illustrates how a variety of substrates can 
be used in methanogenesis.  Most methanogens can utilize the hydrogenotrophic pathway 
(A) and reduce formate and CO2 to CH4.  Some more specialized Methanosarcina species 
can utilize methylotrophic pathways such as pathway (B) and utilize methanol, 
methylamines, and methylsulfides, as well as CO2 and acetate to produce CH4 (Leiber et 
al., 2014). 
 
 
Figure 1. Two representative pathways utilized by two different groups of 
methanogens, demonstrating the utilization of a variety of substrates for 
methanogenesis.  (Leiber et al., 2014. PLoS ONE 9(9): e107563) 
Reduction of CO2 to CH4 is an important component of the rumen ecosystem due 
to its role as a recycler of NAD+ (Russell, 2002).  Two molecules of NADH are produced 
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when a molecule of glucose is fermented to pyruvate in the rumen via the Embden-
Meyerhoff pathway.  Under aerobic conditions, an additional 8 moles of NADH are 
produced through the Citric Acid cycle, and are re-oxidized to NAD+ through the electron 
transport chain.  In anaerobic fermentation, oxygen is not available to be an electron 
acceptor and a replacement must be used for the terminal end of the electron transport 
chain.  The electron acceptor during methanogenesis is H+, which serves an important 
role by receiving electrons from NADH, thus regenerating NAD+ and producing H2 
(Russell, 2002).  Methanogens use this H2 as an electron donor to produce CH4.  In the 
absence of methanogens, interspecies hydrogen transfer is accomplished through 
bacterial fermentation which produces lactate, ethanol, succinate, or propionate, in 
addition to acetate (Wolin, 1982).  Through this process, it becomes clear that energetic 
losses due to methane production are due to a loss of H+, not a loss of carbon, which 
would have been removed from the ecosystem as CO2, if not repurposed into CH4.  
Current estimates of methane production: How much do cattle contribute? 
 Methane production through enteric fermentation by ruminants is a growing 
concern in countries around the world due to its contribution to accumulating greenhouse 
gases (GHG) in the atmosphere.  Methane production should also be of concern to 
livestock producers and nutritionists, because the production of CH4 represents a loss of 
energy from feedstuffs that could have been used for production.  Despite potentially 
differing goals or motivations, multiple entities (university research programs and 
regulatory agencies) are working towards providing accurate estimates of methane 
production by ruminants throughout all stages of the production cycle.  Only once 
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accurate measurement and estimation is achieved can we begin to make meaningful 
evaluations of intervention strategies.    
 Estimation of methane production is complex and values can vary widely across 
sources.  Multiple methods for calculating GHG emissions exist and are dependent on the 
assumptions and inputs utilized.  Some estimates use a step-wise approach by considering 
emissions by agriculture as a whole; then how much of that value originates from 
ruminant animals; and finally, an approximation of how much methane is being produced 
by dairy cows, beef cows, feedlot animals, etc.  Each step of this determination is 
influenced by many variables: diet characteristics, animal type, use of technology, and 
the varying levels of industry sophistication around the world.  The following summary 
attempts to show a range of values collected from various sources of data, with emphasis 
placed on methane production by the U.S. beef industry. 
 The Food and Agriculture Organization (FAO) of the United Nations is one of 
many organizations devoted to the study of greenhouse gas emissions from livestock 
production.  Their report, “Livestock’s Long Shadow”, caused great controversy upon its 
release in 2006.  This report estimated, “that livestock are responsible for 18 percent of 
GHG emissions, a bigger share than that of transport.”  Methodologies of this report were 
controversial and refuted by multiple entities for inaccuracies and miscalculations 
(NCBA, 2009).  For example, the inclusion of land clearing (deforestation) for livestock 
use in the calculation was challenged by the meat production industry.  Alternatively, 
other groups consider the estimates of GHG to be unacceptably small, arguing that 
animal respiration was not included, because it is treated as part of the short-term carbon 
cycle.   
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 The Intergovernmental Panel on Climate Change (IPCC) has sorted 
methodologies for estimating GHG emissions from livestock into three tiers.  Tier-1 
methodology calculates methane emissions for each animal category by multiplying the 
animal population by the average emissions factor for a given category (IPCC, 1997).  
Tier-2 methodology accounts for factors such as weight, age, gender, and feeding system.  
Tier-3 uses country-specific estimates of emission factors derived from models that allow 
for parameters such as diet composition, seasonal variation, and possible mitigation 
strategies (IPCC, 2006).   The U.S. Environmental Protection Agency (EPA) estimates 
that livestock production of methane is 7.3% of total global GHG Emissions (USEPA, 
2006).  
 Another approach for estimating GHG emissions is life cycle assessment (LCA), 
which has been used by multiple university researchers (Capper, 2011).  Life cycle 
assessment is a tool for the systematic evaluation of the environmental aspects of a 
product or service system through all stages of its life cycle.  These assessments are 
highly boundary specific, meaning the result greatly depends upon how far up the chain 
of production the researcher determines to be part of the process.  Smith et al. (2007) and 
Tubiello et al. (2013) estimated that livestock activities contribute approximately 9-11 % 
of total anthropogenic GHG emissions, which is in line with estimates produced by the 
U.S. EPA. Capper (2011) estimated that the U.S. beef production system produced 
553,978 metric tons of methane in 2007.  McMichael et al. (2007) estimated that 
domesticated ruminants (cattle, sheep, and goats) produce as much as 559 million metric 
tons of methane each year.  
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 These estimates are only as accurate as the data upon which their various 
assumptions are based.  Many of those assumptions had to be, at one point, observed or 
determined in an experimental setting.  The methods utilized for determining methane 
production by ruminants are wide ranging in their complexity and potential accuracy, and 
are still evolving.  
 
Methods used to quantify methane production 
 Over the last 100 years, methods for characterizing and quantifying gaseous 
emissions from livestock have been developed and refined; first for the purposes of 
studying energy metabolism, and more recently with an eye towards balancing animal 
performance with environmental concerns.  Presently, an expanding variety of methods 
exist for either directly measuring or indirectly estimating methane production by cattle 
(Pickering et al. 2013).  Selection of a certain experimental method depends on the goal 
for theie application and will impact the scope of inference of the resulting data.  The 
methods discussed below have differing advantages and disadvantages and vary in their 
relative ease, expense, number and type of animals that can be used, and the production 
situations to which application of their results is appropriate.        
Respiration calorimetry 
Long recognized as the “gold-standard” for measuring gaseous emissions by 
ruminants, respiration calorimetry is the method of choice that has been used to generate 
a majority of existing data on methane production by various types of cattle under various 
dietary conditions.  These systems can be in the form of either completely enclosed 
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whole-animal chambers or headbox/hood systems which capture only gasses exhaled or 
eructated.  Whether or not the elimination of hindgut CH4 production is considered to be 
a limitation depends on the feeding situation (Pickering et al., 2013).  Murray et al. 
(1976) reported that in sheep consuming alfalfa, 23% of CH4 production occurred in the 
hindgut, but 89% of the post-gastric CH4 was absorbed into the bloodstream and exhaled 
via the lungs.  When hindgut CH4 was combined with CH4 from the rumen, 97.5% of 
total CH4 was emitted through exhalation or eructation.  However, this relationship has 
been shown to vary with feeding in studies using tracheostomised cattle.  Hoernicke et al. 
(1965) showed that 25-94% of total CH4 emitted was through exhalation before feeding, 
but after feeding, this proportion decreased to 9-43% of total CH4 emitted.  Even so, 
calorimetry is the only method that allows for total or near total collection of all gasses 
produced, and thus the most accurate estimation of CH4 emissions.   
Descriptions of calorimetry systems are numerous in the literature, and can be of 
either the closed (Wainman and Blaxter, 1958) or open-circuit (Mclean and Tobin, 1987) 
type.  Briefly, an animal or its head is enclosed in a chamber through which air flows at a 
constant rate.  The concentrations of the gasses of interest (generally CO2, CH4, and O2) 
are measured in the inlet and exhaust air and the flow rate of total air through the system 
is measured.  Together, these data are used to calculate total volume of CO2 and CH4 
produced per day. The main advantage of this method is that there is no extrapolating or 
estimation involved.  Additionally, if O2 is measured, energetics can be studied using the 
classical approach of Brower (1965).  However, the limitations of this method are 
numerous.  First, the complexity and expense of building and maintaining these chambers 
is significant, which limits the number of them available at most facilities.  Therefore, the 
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number of animals included in experiments, and the complexity of treatment structures 
that can be evaluated are also limited.  Furthermore, the artificial nature of the 
environment for the animals presents several issues.  Even with animals trained and 
acclimated to the chambers, decreased DMI during measurement periods is prevalent and 
will affect resulting emissions estimates, as DMI is a main determinant of CH4 
production (Ellis et al., 2007).  Additionally, the chamber method cannot truly replicate a 
production setting.  The environment is controlled, activity is restricted, and most 
importantly, at least for making any inference to a grazing situation, diet selection by the 
animal is eliminated (Pickering et al., 2013).   
Another interesting facet of monitoring methane production in cattle that can be 
evaluated using calorimetry chambers is diurnal variation in emissions.  In most studies, 
collection periods are constructed as 1-3 consecutive days of monitoring, with 
concentrations of gasses analyzed at varying intervals throughout the day, depending on 
the capability of the analyzer and resolution desired.  The intervals of gas measurement 
can range from every few seconds to every 10 minutes or more (Pickering et al., 2013).  
Multiple studies have observed a diurnal pattern of methane emissions that mostly 
display a pattern relative to time of feeding.  In sheep fed automatically every two hours, 
large, two to three-fold variations in the rate of CH4 production were observed (Mathers 
and Walters, 1982).  Even in steers fed a lowly-digestible grass ad-libitum, which would 
result in a steady state in the rumen, wide variation in short-term CH4 emission was 
observed.  The authors noted that variation in emission may not be the same as variation 
in production, as production and emission of CH4 may not necessarily mirror each other 
(McCrabb and Hunter, 1999).  In studies conducted in calorimetry chambers, estimates of 
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daily total CH4 production may not be affected by diurnal patterns.   Robinson (2009) 
saw no difference in total CH4 production when comparing sheep fed once, or several 
times in both the morning and afternoon.  On the other hand, in studies using methods 
which do not capture diurnal patterns throughout the day, and only take a small number 
of spot measurements, CH4 production could be over or underestimated and impact the 
results or conclusions.           
Despite its various limitations in regard to replicating normal feeding behavior 
and potentially prohibitive cost, the use of respiration calorimetry chambers has proven to 
be an accurate and robust method and is still the standard against which all methods are 
compared.     
Sulfur hexafluoride tracer gas 
 The next most common method for measuring CH4 production by individual 
animals has been the sulfur hexafluoride (SF6) tracer gas technique.  First described by 
Johnson et al. (1994), this method has seen wide use in the literature and is valued for the 
ability to determine daily CH4 production in animals that are free to roam and move 
about, which is especially valuable for grazing research.  Previous data collected using 
the chamber method could not as confidently be applied to grazing situations because the 
element of diet selection by the animal was eliminated.  The underlying concept behind a 
tracer gas technique is the idea that if one can measure the concentration of an exhaled 
gas that is being released at a constant, known rate in the rumen, and this gas mixes 
uniformly with the gas of interest (methane) in the rumen, the output rate of the gas of 
interest can be calculated.  This is similar to the method of using a marker to calculate 
fecal or urinary output in a digestion study.  The specifics of this method have been 
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described numerous times (Johnson and Johnson, 1995; Pinares-Patino and Clark, 2008; 
Storm et al., 2012) and can be summarized as follows.  A small metal tube/bolus is filled 
with a non-toxic, inert gas (in this case SF6) and observed in a water bath for a period of 
days until the rate of escape or daily permeation rate of the gas from the tube is stable.  
This tube is placed in the rumen of an animal that is wearing a harness/collar that consists 
of an evacuated gas collection canister and capillary tubing that is placed near the nose 
and mouth.  Throughout the course of a sampling period (usually 24 hours, replicated 
several times), a mixture ambient air and exhaled breath that includes both the tracer gas 
and CH4 will slowly fill the collection canister via the capillary tubing.  At the end of the 
sampling period, the stored gas will be analyzed for SF6 and CH4 and corrected for 
ambient/background level of each.  Using the following equation:  
𝐶𝐻4 𝑃𝑟𝑜𝑑. = 𝑆𝐹6 𝑃𝑟𝑜𝑑.  ×  
(measured conc. of CH4 –  ambient conc. of CH4)
(measured conc. of SF6 –  ambient conc. of SF6)
 
 In the original description of this methodology, the authors present CH4 
production data for a forage-fed heifer, determined by either the SF6 or chamber 
technique.  The average CH4 production was 12.9 ± 0.7 L/h and 11.6 ± 3.7 L/h when 
comparing the chamber and tracer methods respectively.  Additionally CH4 production 
means were reported from 55 tracer and 25 chamber observations, with no detectable 
difference found between the two methods (P > 0.10), leading the authors to conclude 
that the accuracy and relative low cost of this tracer method should allow for monitoring 
of a large number of animals around the world.   
 Since its development, various studies have compared the validity of the SF6 
method against indirect calorimetry.  One study evaluated the differences between 
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methods when cattle were fed either a high grain or high forage diet at either ad libitum 
or restricted to 65% of ad libitum (McGinn et al., 2006).  The rationale for these 
treatments was to test the hypothesis that the SF6 technique may underestimate CH4 
production in situations where more extensive post-ruminal digestion takes place, (i.e. 
high grain diets at high intake levels), compared to the chamber method, which captures 
post-ruminal CH4 produced via flatus.  Across all treatments, mean CH4 production was 
135 or 142 g/d when measured with SF6 or chambers, respectively.  This resulted in a 4% 
non-significant difference (P > 0.40) between the two methods, which was similar to the 
original comparison made by Johnson et al. (1994).  Numerical differences were 
observed for the effects of diet and intake level, but again the differences between the 
techniques were not different from zero (P > 0.40).  The expected interaction was 
observed as the best agreement between methods and was observed for high forage, low 
intake situations, whereas the lowest correlation coefficients were observed between 
methods for high grain, high intake situations.  This suggests that the SF6 method is best 
suited for diets where large quantities of post-ruminal digestion is not expected, and is 
more suitable for grazing cattle.   
 Another review of the reliability of the SF6 tracer technique (Pinares-Patino and 
Clark, 2008) discussed concerns related to variability and the effect of permeation rate on 
CH4 estimates.  These authors noted that animal-to-animal variation accounted for 54-
70% of total variation in CH4 production measured by SF6, even in conditions which 
minimized the effects of selective grazing (Pinares-Patino et al., 2003).  These values are 
much greater than the between animal variation typical for chamber studies.  This 
discrepancy in the significance of between animal variation depending upon method used 
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is an important consideration.  Greater animal to animal variation may increase the 
number of animals and observations required to detect differences between treatments.  
Also, one route for reducing CH4 emissions that some researchers hope to exploit is to 
select for those animals which inherently are low CH4 producers.  This approach would 
require proving that animal-to-animal variation is real and repeatable over time and not 
simply caused by sampling method.  The final concern associated with the tracer method 
is that there is some indication that permeation rate is positively related to CH4 
production estimate.  This would mean that tubes with higher permeation rates may 
overestimate CH4 production compared to cattle fitted with tubes with lower permeation 
rates.  This suggests that extra care should be taken to balance tube permeation rates 
across treatments to avoid this source of variation.   
 Even with these criticisms in mind, the SF6 tracer technique is well accepted and 
its benefits for conducting more realistic studies using grazing cattle cannot be denied 
when the alternative is calorimetry.  The SF6 method collects a sample representative of 
the entire day without altering feeding pattern, thus should address the issue of diurnal 
variation discussed previously.  
CO2 as an internal marker 
 As part of the quest to innovate and develop methods which address the 
shortcomings of techniques previously discussed, a method was developed which could 
be applied in a variety of settings and which would not rely on the calibration and 
recovery of an exogenous marker.  Madsen et al. (2010) developed a method which uses 
CO2 as an internal marker, as an alternative to using SF6 as a tracer gas.  This method is 
based on the idea that CO2 is closely related to heat production (Chwalibog, 1991), and 
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that heat production can be calculated by the difference between metabolizable energy 
(ME) intake and energy that goes toward products (body weight gain or milk production).  
Concentrations of CH4 and CO2 can be measured in expired breath and expressed as a 
CH4:CO2 ratio.  The ratio reflects differences in CH4 production because, at a given ME 
intake, CO2 output is less variable than enteric CH4 production (Hegarty, 2013).  
However, it is not necessarily constant, as CO2 production increases with animal activity 
in particular (Corbett et al., 1971), however it is less episodic than CH4 emission.  The 
observed CH4:CO2 phenotype can be used to make comparisons between animals or 
dietary treatments, or this ratio may be used to scale up to an estimate of daily CH4 
production, with consideration to several significant limitations that will be discussed in 
the next section.  Specifically, in the equation published by Madsen et al. (2010), the 
observed weight gain or milk production by the animal, the TDN of the diet, and DMI are 
the inputs used to calculate CO2 production, which is multiplied by the measured 
CH4:CO2 to provide an estimate of total CH4 production in L/d.  The following is an 
outline of the calculations and assumptions made in the Madsen equation: 
 ME Intake = feed units × (7.8/0.7) 
Feed unit = kg TDN intake × 0.78     (used in the Danish feeding system) 
Assumes 7.8 MJ NE/feed unit and 70% utilization of ME 
Heat production = ME Intake – (kg ADG × 20) 
Assumes 1 kg weight gain contains 20 MJ 
Daily CO2 production (L/d) = (heat production × 1000)/21.75 
Daily CH4 production (L/d) = Daily CO2 production × measured CH4:CO2 
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 The repeatability of CH4:CO2 measurement was evaluated in dairy cows to 
determine its usefulness as a way to differentiate between cows, potentially as a selection 
tool for genetic selection of low CH4-emitting individuals (Lassen et al., 2012).  Ratio 
measurements were collected on 93 Holstein and Jersey cows over a 3-d period in which 
each cow visited an automated milking machine outfitted with CH4 and CO2 sensors 
between 2 and 12 times.  The authors found that the most stable measure with the best 
repeatability was to look at the median CH4:CO2 value from each visit.  This resulted in 
estimated repeatabilities of 0.37 and 0.33 for Holsteins and Jerseys, respectively, which is 
greater than repeatabilities found in previous studies using the SF6 method (McCourt et 
al., 2005 and Grainger et al., 2007).  These authors concluded that this approach could be 
useful for making the large number of observations that will be needed develop methods 
for genetic selection of lower methane emitting ruminants.   
 However, a CH4:CO2 ratio should not be expected to be as equally robust as a 
measure of actual daily CH4 production values.  To test the validity of this method, 
Hellwing et al. (2013) compared 157 observations of CH4 production measurements in 
calorimetry chambers with the CH4 production values obtained by using the equation of 
Madsen et al. (2010).  This study observed that while the Madsen equation did explain 
55% of the variation in measured CH4 production, it consistently underestimated daily 
CH4 output by an average of 96 L/d (out of a mean daily production of 577 L/d CH4).  
This was mostly due to an inadequate estimation of CO2 production as calculated from 
heat production.  It was suggested that there is clearly room for improvement of the 
method to make this technique more useful if the desire is to estimate daily CH4 
production. 
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Short term measurements 
 Due to the shortcomings of the methods described above, a technique that can 
perform accurate high-throughput animal measurements is to develop mitigation 
strategies to reduce CH4 emission.  Short-term measurements may be uniquely suited to 
accomplish these goals (Hegarty, 2013).  ‘Spot measurements’ can be collected in several 
ways, with the system determining how the data can be used.  Since these measurements 
are taking snapshots of CH4 emissions at various points throughout the day, one must 
consider sources of variation that are accounted for in a calorimetry chamber setting.  For 
example, this can include measurement time relative to feeding, DMI before 
measurement, feeding behavior and diet selection, and activity level before measurement 
(Hegarty, 2013).   
 The principal concern with spot measurements is how time of sampling relates to 
the diurnal variation in CH4 emissions due to time of feeding, as was discussed earlier.   
Garnsworthy et al. (2012) measured CH4 concentration in the breath of cows as they 
voluntarily entered an automated milking station to receive the concentrate portion of 
their ration an average of 2.8 times per day.  A methane emission rate was calculated 
from CH4 concentration based on eructations for feeding/milking time points.  Since this 
estimate would not reflect CH4 production throughout the day, these authors did not scale 
up these data to daily CH4 production, but calculated a rate of emission that could be 
compared across animals or diets.  However, if multiple measurements are made 
throughout the day at more frequent, feeding/timeintervals, (as is the assumption with the 
GreenFeed™ system; C-lock, Inc., Rapid City, SD), scaling-up calculations may be 
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warranted.  The GreenFeed™ system, which is growing in popularity, is a portable 
automatic feeding system that ‘baits’ the cattle to visit the analyzer using a small amount 
of supplement.  A built-in CH4 and CO2 analyzer measures gaseous flux while the animal 
has its head in the unit by pumping air continuously through the system (Storm et al., 
2012).  Animals have continuous access to these units and could theoretically visit at any 
time during the feeding cycle, minimizing bias due to diurnal variation in CH4 emissons.  
A major concern with this system however, is the fact that the ‘bait’, which can be up to 1 
kg of supplement per day, can itself affect energy intake and thus CH4 production 
(Hegarty, 2013).    
 Short-term measurements can be collected in various forms.  As discussed, the 
GreenFeed™ system measures CH4 flux and calculates production per day.  Some 
automated milking stations measure concentrations of CH4 during eructation, which are 
then used to calculate a rate of CH4 emission.  Other feeding/milking stations use the 
concept of CH4:CO2 ratio discussed above, with or without scaling-up equations.  These 
methods continue to be refined while gaining wider adoption as alternatives to 
calorimetry, as the need for high-throughput techniques expands.     
Prediction equations and models 
Current CH4 emissions estimates are generated using models and prediction 
equations that may or may not be based on experimental data that has been collected 
using different methods described above.  Three classical models exist for estimating 
methane emissions.  Wolin (1960) estimated methane production based on molar 
proportions of VFA, and has received considerable attention in the literature.   This 
model has multiple assumptions that are worth noting: all excess hydrogen is found in 
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methane, no hydrogen is produced during microbial cell protein synthesis, and no VFA 
results from non-CHO fermentation.   
Blaxter and Clapperton (1965) developed an equation which was noted by 
Johnson and Johnson (1995) as the basis from which most estimates of methane 
production from ruminants have been derived.  Methane produced is predicted from the 
digestibility of GE and intake relative to maintenance in the equation of Blaxter and 
Clapperton (1965); they reported that prediction of methane ranged from 6 to 10% of GE 
intake.  Johnson et al. (1993) reported correlations between direct measurement of 
methane and the amount predicted by the equation of Blaxter and Clapperton (1965) was 
poor, with methane production ranging from 2 to 11% of GE, depending on diet and level 
of intake. 
 A third classical equation was developed by Moe and Tyrell (1979), which 
incorporates feed characteristics.  Unlike the previously described equations, this 
equation relates to soluble residue, hemicellulose, and cellulose content of a high-quality 
dairy diet.  Wilkerson et al. (1994) reported that this equation was the most accurate of 
seven methane prediction equations compared to direct measurement. 
Newer technologies and an increase in computing power has opened the door to 
the development of newer models and also fostered the development of mechanistic 
models.  Empirical models are valuable tools, but only predict within the range of 
independent variables measured during model development, calibration, and validation. 
Additionally, classical models are notorious for requiring input data that are not 
commonly measured or easily acquired.  Benchar et al. (1998) compared two empirical 
models and two mechanistic models for prediction of methane production with direct 
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measurement of methane from respiration calorimeters.  They reported that mechanistic 
models better predicted methane production than empirical models, with poor prediction 
of VFA profile (an input first used by Wolin, 1960) as a major source of error within the 
empirical models.  
Modern methane prediction models are continuously being updated to enhance 
prediction accuracy.  Ellis et al. (2009) took a model developed in their lab (Ellis et al., 
2007) and challenged it with a database of methane emissions collected in the U.S. and 
Canada.  Worth noting is that while their model most accurately predicted methane 
production across 872 methane data points from 12 studies, the authors concluded that no 
single prediction equation will simultaneously predict methane production from 
ruminants across a wide variety of diets (e.g. high-grain, low-quality forage, high-quality 
forage, and high-fat).   
 
 Dietary Strategies to Reduce Methane Production by Cattle 
 
Diet quality and digestibility 
 The most basic strategy to decrease CH4 emissions by livestock is simply to 
improve the ‘quality’ of the diet.  This could be considered the low hanging fruit, and is 
the main difference that is reported to influence the disparity in CH4 production by 
animals in developed vs. developing countries.  Measures of diet quality can take various 
forms but will be summarized here based on characteristics of the diet that will influence 
intake, digestibility or VFA profile. 
Diet composition 
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 The IPCC Tier 2 model for estimating energy loss as CH4 assumes that feedlot 
cattle lose 3.5% of GE intake, while forage-fed cattle lose 6.5% of GE intake as CH4 
(Houghton et al. 1996).  The difference between these two values is mostly due to diet 
composition, namely the forage to concentrate ratio (Johnson and Johnson, 1995).  
Beauchemin and McGinn (2005) evaluated CH4 energy losses in backgrounding and 
finishing diets containing either corn or barley and found that CH4 losses as a percent of 
GE intake were approximately 7.4 and 3.4% for backgrounding and finishing phases, 
respectively (with corn being lower than barley in finishing diets).  These changes were 
consistent with shifts in VFA profile, with A:P decreasing from about 2.75 to 0.98 as 
forage:concentrate decreased.  These authors suggested that CH4 production could be 
lowered by shortening the backgrounding phase or by feeding corn vs. barley in the 
finishing phase.  However, this study ignores the many other reasons for feeding forage 
(cost, utilization of otherwise less valuable feedstuffs, slow growth to add frame size to 
calves, acidosis mitigation, etc…) which must be balanced against CH4 production.   
Forage-based diets 
In diets containing all forage, the relative quality of that forage as measured by 
fiber content is a main determinant of CH4 production.  Ominski et al. (2006) wintered 
growing cattle on four qualities of alfalfa-grass silage that varied in NDF content from 
46.4 to 60.8%.  Cattle fed the lowest quality silage (containing 60.8% NDF and 46.4% 
ADF) had the lowest DMI and ADG (P < 0.05).  Over the course of the winter, CH4 in 
L/d increased (P = 0.05), but decreased as a % of GE intake (P < 0.01), which the authors 
attributed to the increase in overall passage rate of digesta associated with the 
concomitant increase in DMI.  Johnson et al. (1994) reported a 1.6% decrease in GE lost 
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as CH4 for each level of intake increase, which Hindrichsen et al. (2006) found will shift 
methanogenesis to the hindgut, potentially offsetting decreases in rumen CH4.        
 Mc Geough et al (2009) fed cattle corn silage harvested at four stages of maturity 
as a strategy to manipulate diet composition.  As silage maturity advanced, starch content 
increased at the expense of NDF and ADF.  This resulted in a linear decrease in CH4/kg 
DMI (P = 0.05) as silage maturity increased and grain to forage ratio increased.  
Although not measured in this study, the implication of decreasing fiber content to 
decrease acetate production, which will in turn decrease availability of methyl groups and 
H2 for methanogenesis is well established (Ferry, 1992). 
Finishing diets 
Forage:concentrate ratio varies within a narrower range in finishing diets, but can 
still impact CH4 production.  Hales et al. (2014) increased alfalfa hay in a dry-rolled 
corn-based finishing diet containing 25% WDGS from 2-14%.  As alfalfa hay replaced 
corn in the diet, % of GE intake decreased as fecal and CH4 energy increased linearly (P 
= 0.02 and P < 0.01, respectively).  The authors attributed the decrease in retained energy 
to 1) increased fecal energy loss due to lower ruminal digestibility of NDF in hay, 2) 
decreased energy available in the diet due to the lower energy value of hay, and 3) heat 
and CH4 energy loss from digestion of the increased fiber.  For these reasons, roughage 
level in finishing diets should be minimized.  This raises the challenge of balancing 
rumen health and pH with the desire to decrease CH4 production in finishing diets.  A 
review of acidosis is outside the scope of this discussion, but as tested by Hunerberg et al. 
(2015), lowering pH alone, even to levels of acute acidosis (pH < 5.2) did not inhibit CH4 
production in vivo.    
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  Site of digestibility, can impact both actual production and the estimated 
production of CH4.  One reason given for the superior accuracy of calorimetry chambers 
is their ability to capture CH4 produced through hindgut fermentation.  Generally, this 
fraction is considered small enough to ignore, but in situations which may cause a 
significant shift in the site of digestion, it must be considered.  Hales et al. (2012) 
conducted a study testing the effects of corn processing and inclusion of WDGS on CH4.  
In this case, diets were balanced for fat and DIP across WDGS inclusion levels, so no 
effect on CH4 was observed.  However, corn processing method (dry-rolled vs. steam 
flaked) did have an impact.  Cattle fed the more extensively-processed grain produced 
less CH4 by every measure, lost less energy and C as CH4 (P < 0.05), and appeared to 
digest a greater percentage of starch intake (P < 0.01).  Although site of digestion was not 
directly evaluated in this study, it could be hypothesized that dry-rolled corn, with a 
lesser extent for ruminal fermentation would produce less CH4, and could result in 
hindgut digestion.  Hindgut CH4 production would have been accounted for in this study 
with the use of chambers.  The more readily fermentable steam flaked corn was degraded 
and utilized more completely by the animal and created less energetic loss as CH4, 
leading the authors to conclude that, to reduce CH4 production, extensively processed 
grain is preferable.    
 
Hydrogen Sink Alternatives 
Dietary fat supplementation 
 Supplemental fat is the most commonly studied dietary component that can act as 
an H+ sink to reduce methanogenesis.  However, there are several modes of action by 
31 
 
 
which fats can inhibit CH4 production as reported by several authors (Haaland et al., 
1981; Johnson and Johnson, 1995).  Fats may decrease CH4 in several ways: by directly 
inhibiting methanogens and protozoa, by directing H+ toward biohydrogenation of 
unsaturated fats or by increasing propionate production.  A meta-analysis by Grainger 
and Beauchemin (2011) found that in diets with 8% or less dietary fat, a 1% increase in 
dietary fat would result in a decrease of 1 g CH4/kg DMI.      
Oils and oilseed products 
 Whether through biohydrogenation, inhibiting microbial action, or otherwise, the 
addition of various oils to cattle diets has been widely studied (Beauchemin et al., 
2007b), mostly in mixed or forage-based diets.  Sauer et al. (1998) added 3.5% soybean 
oil (about 600 g/cow/d) to the diet of dairy cows as a source of unsaturated fat as it has 
been suggested that free fatty acids are more potent inhibitors of CH4 than saturated fats 
or triglycerides (Van Nevel and Demeyer, 1996).  The addition of soybean oil resulted in 
a decrease in DMI (P < 0.01) and CH4:CO2 ratio (P < 0.05), as well as an increase in the 
concentrations of linoleic acid and products of biohydrogenation in the milk fat (P < 
0.01).  These data support the biohydrogenation H+ theory, but Jenkins et al. (2008) 
suggested that only 1-2% of the metabolic H in the rumen is used for this purpose.   
 Martin et al. (2008) fed dairy cows either crude linseed, extruded linseed, or 
linseed oil and found that inhibition of methanogenesis appeared to increase with the 
availability of free fatty acids in the rumen.  All three forms decreased DMI, DM, OM, 
and NDF digestibility and CH4 production compared to the control (P < 0.01).  However, 
cows consuming the linseed oil at 8.4% total dietary fat had the greatest inhibition of 
methanogenesis, with a 64% reduction in CH4 production/kg DMI.  Canola and 
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sunflower oils have also been evaluated in growing diets containing 75% silage.  McGinn 
et al. (2004) added 5% fat with sunflower oil and saw a 21% decrease in CH4 as a % of 
GE intake (P < 0.01) coupled with a 23% decrease in NDF digestibility (P = 0.03).  
Beauchemin and McGinn (2006) saw a similar result when feeding canola oil, with a 
21% decrease in CH4 as a % of GE intake (P = 0.04) and a 15% decrease in DM 
digestibility (P < 0.01).  With each of these oils, decreases in CH4 must be balanced 
against decreased digestibility and DMI, animal performance.  
 Differences in performance were observed in a study by Fiorentini et al. (2014), 
in which steers were fed either whole soybean, linseed oil, or palm oil as sources of fat 
that differed in saturation.  Linseed oil and whole soybeans, rich in unsaturated fatty 
acids, decreased CH4 by 1.1 g/kg DMI for every 10 g of fat consumed and moderately 
decreased ADG with no impact on G:F.  Palm oil however, a saturated fatty acid, 
decreased CH4 by 1.8 g/kg DMI for every 10 g of fat consumed and severely decreased 
DMI, ADG, G:F, and HCW (P < 0.01).  The authors attributed the additional CH4-
mitigating effect of palm oil compared to unsaturated fats to the greater content of 
medium chain fatty acids in palm oil, which can be toxic to methanogenic archaea.    
 
By-product feeds 
 The concept of feeding fats in cattle diets to reduce CH4 is clearly valid, as 
discussed above, if inhibition of methanogenesis is the only goal.  However, while that 
body of work is a solid proof of concept, the cattle feeding industry, at least in the U.S. is 
unlikely to adopt such a strategy at the expense of performance or to source uncommon 
ingredients for no other purpose.  In most of the U.S., distillers by-products and tallow or 
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grease are the most widely available sources of fat, and are included in the diet to serve 
multiple purposes.  Data evaluating the effect of tallow or grease is scarce, hence the 
focus here will be on the effects of by-products on CH4 in growing and finishing diets. 
 In forage-based diets, distillers grains are generally included as an energy source, 
replacing grain or possibly a high-quality roughage.  McGinn et al. (2009) replaced 
barley grain with 35% corn dried distillers grains plus solubles (DDG) in a silage-based 
diet.  This substitution increased dietary fat from 2 to 5.1% and CP content from 12.2 to 
17.4%.  Cattle fed DDG had decreased DMI, greater ADG, and improved G:F (P < 0.10), 
while emitting 16.4% less CH4/kg DMI (P = 0.05) or 24% less CH4 as a % of GE intake 
(P < 0.01).  A similar study by Hunerberg et al. (2013) examined the effects of DDG in 
growing diets more closely.  Forty percent barley grain and canola meal was replaced by 
either: corn DDG (CDDGS), wheat DDG (WDDGS), or wheat DDG with corn oil added 
at a level to equal the dietary fat of the CDDGS treatment (WDDGS + oil).  The three 
DDG treatments reduced daily CH4 production16-24% compared to the control (P < 
0.01).  However when expressed as a % of GE intake, CDDGS and WDDGS + oil 
decreased CH4 loss to 6.6 and 6.3%, respectively, compared to 7.8% for control.  Wheat 
DDGS with no oil added had no impact on CH4/kg DMI or as a % of GE or DE intake.  
Diets containing wheat DDG provided quite high levels of CP, resulting in greater total N 
excretion in feces, urine, and as NH3.  This raises the concern of ‘pollution exchange’ 
(i.e., exchanging methane for ammonia) and is a reminder that we must be aware of the 
possibility of unintentionally increasing other environmental hazards in pursuit of 
decreasing CH4.  These data suggest that the lowering effect of DDG in forage diets is 
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due to the addition of fat and that in the low-fat WDDGS, the replacement of grain with a 
higher-fiber feed has no impact on CH4 emissions.   
 Few studies have evaluated the effect of by-products on CH4 production in 
finishing diets, but replacing starch (typically) with a source of fat and highly-digestible 
fiber presents an intriguing question: whether the CH4-lowering effects of fat or the 
potentially CH4-producing substrate of digestible fiber have an impact on CH4?  Hales et 
al. (2013) included 0, 15, 30, or 45% wet distillers grains plus solubles (WDGS) in 
steam-flaked corn-based finishing diets.  Diets were balanced for 8% RDP (ruminally-
degradable protein), but CP, starch, fiber, and fat were allowed to vary with WDGS level.  
As WDGS inclusion increased, DMI decreased linearly (P = 0.04).  Methane production 
as a function of DMI or as a percent of GE or DE intake increased linearly (P < 0.01) and 
tended to increase quadratically (P < 0.10) as WDGS level increased.  This was 
accompanied by a linear decrease in retained energy as a percent of GE (P = 0.04) and a 
linear increase in total N excretion (P < 0.01).  These results are a consequence of 
replacing a highly-digestible starch source (steam-flaked corn, SFC) with an ingredient 
high in NDF, causing a decrease in the metabolizable to gross energy ratio.  The authors 
also fed a set of cattle these diets near maintenance to determine NEm and NEg values 
for WDGS in SFC-based diets and found that NEg decreased from 2.02 to 1.38 Mcal/kg 
as WDGS increased from 15 to 45%.   
 A large body of research has demonstrated various performance benefits to 
inclusion of by-products in finishing diets (Klopfenstein et al. 2008).  However, these 
data suggest that one of these benefits is not reduction of CH4 production, and that in 
SFC-based diets, NEg of WDGS should be discounted as inclusion increases.   
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Nitrate and Sulfate 
 Another H+ sink alternative to methanogenesis that can provide an energetic 
benefit in the rumen is addition of nitrate to the diet.  In the rumen, nitrate (NO3) is 
reduced to nitrite and then ammonia, a process which is actually more energetically 
favorable than the formation of CH4 and can thus outcompete methanogenesis for 
reducing equivalents (Ungerfeld and Kohn, 2006).  The ammonia generated is also of 
benefit to the animal as a supply of available N in low CP diets (Dijkstra et al., 2008).  
Stoichiometrically, CH4 should be decreased by 25.8 g per 100 g NO3 (Van Zijderfeld et 
al., 2010), a value authors often compare results against to check efficiency of CH4 
reduction by means of complete NO3
- conversion to ammonia.   
 A similar concept applies to the addition of sulfate (SO4
-2) in the diet.  Sulfate can 
act as an electron acceptor, as NO3
--reducing, sulfate-reducing bacteria produce H2S; 
becoming a terminal electron acceptor.  Sulfate can reduce CH4 by competing for 
electrons and is a more favorable reaction than methanogenesis (Ungerfeld and Kohn, 
2006).  Toxicity can be a concern with both of these compounds in the diet, as at high 
levels, NO3
- may cause methemolobinemia (Van Zijderveld et al., 2010) and SO4
-2 may 
cause polioencephalomalacia (Sarturi et al., 2013), respectively.  However, with careful 
ration formulation, application of these treatments in appropriate diets, and gradual 
adaptation, these concerns can be mitigated (Van Zijderfeld et al., 2010). 
 The effects and potential interaction of NO3
- and SO4
-2 on CH4 production were 
tested in sheep consuming a 14.5% CP, silage-based diet (Van Zijderfeld et al., 2010).  
Treatments included 0 or 2.6% NO3
- (diet DM) and 0 or 2.6% SO4
-2 (diet DM).  No polio 
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and only minor nitrate toxicity was observed, even though SO4
-2 diets contained 0.85% 
dietary S.  Neither additive impacted DMI or ADG.  Addition of NO3
- and SO4
-2 reduced 
CH4 by 32% and 16%, respectively, while the combination of the two resulted in an 
additive reduction in CH4 of 47% compared to the control.  Calorimetry data revealed a 
difference in the diurnal pattern on CH4 reduction, where consumption of NO3
- lowered 
CH4 for about 12 h before returning to control levels and the consumption of SO4
-2 had a 
more delayed response, depressing CH4 production at 10 h post-feeding.  Reduction of 
CH4 achieved by NO3
- and SO4
-2 was 89 and 67% of potential, respectively.  Both of 
these compounds proved to be strong inhibitors of CH4 production in these silage-based 
diets; however most subsequent work has focused on NO3
- only.   
 Two more studies evaluated feeding NO3 in 60:40 mixed forage:concentrate diets 
at 21 g NO3
- /kg DM to dairy cows (Van Zijderfeld et al., 2011) or 22 g/kg NO3
- to 
growing steers (Hulshof et al., 2012).  In the 15.9% CP diet fed at 95% of ad libitum to 
lactating dairy cows, NO3
- decreased CH4 by 16% (P < 0.01) whether expressed as L/d or 
as a function of DMI or gross energy intake, which was 59% of calculated potential.  This 
decrease in CH4 was persistent for 89 d but the decrease in CH4 energy loss did not 
translate to improved animal performance or milk production.  When evaluating NO3
- in a 
12% CP diet to growing steers, DMI tended to decrease (P = 0.09) and g CH4/kg DMI 
decreased by 27% (P <0.01), which was 89% of potential.  Additionally, both rumen 
ammonia (P < 0.05) and A:P (P = 0.06) increased, the latter the authors suggested was 
due to NO-3  reduction steering H+ away from propionate production. 
 Finally, the effect of adding NO3
- to finishing diets needed to be investigated.  
Newbold et al. (2014) fed increasing levels of NO3
- (0-2.4% diet DM) in a high 
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concentrate diet to 300 Nelore bulls.  Dry matter intake decreased linearly (P < 0.01) as 
NO3
- increased with no impact on ADG, which linearly improved G:F (P = 0.03).  The 
authors suggested this could be due to an increase in microbial protein synthesis when 
NO3
- replaces urea (Guo et al., 2009).  A direct comparison evaluating the effect of either 
NO3
- or oil supplementation in either growing or finishing basal diets was conducted by 
Troy et al. (2015).  In 50:50 forage:concentrate diets, 21.5 g NO-3 /kg DMI decreased 
CH4 by 17% (g/kg DMI; P < 0.01), while the 5.2% dietary fat diet containing rapeseed 
cake numerically reduced CH4 by 17% (g/kg DMI; P =0.18).  These results are as 
expected based on work presented above for forage-based diets.  However, in high-
concentrate finishing diet, there was no effect on CH4 production due to either NO3
- (P = 
0.65) or the addition of rapeseed cake to make a 5.5% dietary fat diet (P = 0.46).  This is 
the first report of a lack of impact in finishing diets and demonstrates that these 
mitigation strategies are diet dependent.  Further work on mitigation strategies in 
finishing diets is warranted; however, as forage-based diets produce greater amounts of 
CH4, there exists a greater opportunity to make a significant impact through dietary 
interventions.                       
 
Inhibitors of Methanogenesis 
 Possibly the most direct way of decreasing methane production through dietary 
modifications is to feed a chemical that inhibits methanogens.  Many research groups 
investigated a variety of compounds and discovered that bromochloromethane (BCM) 
was effective in decreasing CH4 production by up to 50% in vivo (Hristov et al., 2013).  
This compound is a structural analog to methyl-coenzyme-M, which acts as an inhibitor 
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to the enzyme methyl coenzyme M reductase, which catalyzes the final reaction in the 
formation of CH4 (Romero-Perez et al., 2014).  However, BCM is also a banned, toxic, 
ozone-depleting compound, so the search began for an alternative with a similar mode of 
action (Hristov et al., 2013).  Currently, the most promising of these is 3-nitro-
oxypropanol (3NOP), which has been evaluated in a variety of studies.   
 The effects of 3NOP or a similar compound, ethyl-3-nitrooxy propionate (E3NP), 
were tested in vitro and in sheep at various levels by Martinez-Fernandez et al. (2014).  At 
dosage levels of 40 and 80 µL/L (E3NP 99.7% purity), CH4 production was decreased up 
to 95% in vitro with no effects on VFA concentration.  When E3NP was fed to sheep at 
either 50 or 500 mg/d, CH4 production was decreased by 29% compared to a control after 
14 d of treatment.  Additionally, both E3NP and 3NOP were dosed with 100 mg/d for 30 
d and each decreased CH4 production by approximately 21%.  In each of these studies, in 
vivo CH4 production was inhibited to a lesser degree than in vitro, but acetate to propionate 
ratio (A:P) was decreased with no detrimental effects on intake or digestibility.  Both 
compounds appear to show promise as CH4 inhibitors, but subsequent work has been 
focused on the use of 3NOP. 
 In the next two studies, two separate groups of researchers fed 3NOP in similar 
situations and produced differing results.  Haisan et al. (2014) fed 0 or 2,500 mg/d mixed 
into a 38% forage diet to mid-lactation dairy cows and measured CH4 production via SF6 
tracer technique.  Feeding 3NOP had no effect on DMI but resulted in a 60% decrease in 
CH4 production (17.8 to 7.18 g/kg DMI; P < 0.01) and a decrease in A:P (P = 0.04).  
Additionally, no effect on milk yield or composition, but an increase in BW gain (1.06 vs. 
0.39 kg/d; P = 0.05) was observed for 3NOP compared to control.  This is in contrast to 
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Reynolds et al. (2014), who dosed 0, 500, or 2,500 mg/d in the rumen of lactating dairy 
cows consuming a roughly 50% forage diet and measured CH4 production via chambers.  
These authors observed only a 6.6 or 9.8% decrease in L/d of CH4 in cows dosed with 500 
or 2,500 mg/d, respectively.  This was accompanied by no change in DMI, but a decrease 
in DM and OM digestibility at the higher dose (P < 0.08).  Thus, CH4 energy loss as a 
percentage of digestible energy was not impacted.  In this latter study, authors suggested 
that dosing twice per day, rather than mixing 3NOP into the feed may have been 
responsible for the smaller than typical response in CH4 inhibition.  Monitoring of CH4 at 
4 minute intervals showed a transitory inhibition that lasted 2-3 hours after each dose.  
Pattern and timing of delivery of high doses of this inhibitory compound appear to be 
critical to its effect on CH4 production.   
 Finally, Romero-Perez et al. (2014) evaluated 3NOP in beef cattle for the first time.  
A 60% silage backgrounding diet was selected due to the greater opportunity for reduction 
of CH4 in forage compared to concentrate diets (Johnson and Johnson, 1995).  Eight heifers 
were fed 3NOP at 0, 0.75, 2.25, or 4.5 mg/kg of BW, mixed with the supplement and top-
dressed into the diet once daily.  A linear reduction in g CH4/kg DMI was observed (P < 
0.01) in cattle fed 4.5 mg/kg BW (which provides 2,720 mg/d), with a 33% decrease in 
CH4 compared to the control; which was accompanied by a linear decrease in DMI (P = 
0.02).  No effect on DM digestibility was observed, while A:P decreased linearly (P < 0.01) 
from 3.3 to 2.1.  The same authors followed this with a study evaluating the effect of long-
term feeding of 3NOP (Romero-Perez et al. 2015).  Heifers were fed 0 or 2g/d 3NOP, again 
in a 60% forage diet for 112 d, with sampling periods both before and after treatments were 
imposed.  Dry matter intake was limited to 65% of ad libitum throughout the study.  
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Feeding 2 g/d 3NOP reduced CH4 emissions 59.2% (from 22.5 to 9.2 g/kg DMI; P < 0.01) 
during the 112 d period with no sign of adaptation.  However, no residual effects of 3NOP 
were observed on CH4 during the 16 d recovery period.  This is in contrast to previous 
work using the similar compound bromoethanesulfonate, which showed adaptation after 4 
d of supplementation (Immig et al., 1996).  These data suggest that 3NOP is a strong 
inhibitor of methanogenesis, with little to no effect on DMI or diet digestibility, and needs 
to be studied in finishing diets as well. 
Ionophores 
Inclusion of ionophores into beef cattle diets are generally regarded to increase 
efficiency of feed utilization through a concurrent reduction in feed intake and 
acetate:propionate ratio (Ellis et al., 2012). Another aspect of ionophore inclusion worthy 
of attention is its effect on methane production, as propionate competes with 
methanogenesis for free hydrogen in the rumen.  Additionally, ionophores alter cell 
permeability of gram positive microbes and monensin inhibits gram positive bacteria that 
supply hydrogens and carbon dioxide to methanogens.  Russell and Strobel (1989) 
demonstrated a monensin-induced reduction in methane production in vitro that was 
ameliorated when a supply of hydrogen was given.  Studies evaluating the impact of 
ionophores on CH4 production have focused on evaluating the effects seen at the dosages 
commonly fed in production scenarios (Appuhamy et al., 2013).  It may be of interest to 
evaluate greater dosage levels, to see whether or not the CH4 mitigating effect would 
increase correspondingly.  However this would have to be conducted in finishing diets, as 
many forage-based diets containing monensin are formulated to include the greatest legal 
dose: 200 mg/steer daily for growing cattle on pasture or dry lot.  Additionally, greater 
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doses of monensin in finishing diets above the widely-used dose of 360 mg/animal daily 
may not have any further impact on CH4, as it is stated on the label (Elanco Animal 
Health, Greenfield, IN) that ‘no additional improvement in feed efficiency has been 
shown from feeding monensin at levels greater than 30 g/ton (360 mg monensin/animal 
daily).’       
Reduction of methanogenesis due to monensin ranges from 0 to 25% (Johnson 
and Johnson, 1995).  Recently, Appuhamy et al. (2013) conducted a meta-analysis of 22 
published studies evaluating the effect of monensin on methane emissions and reported a 
19 ± 4 g/animal per d reduction in methane production when monensin was included in 
the diet at 33 mg/kg. McGinn et al. (2004) reported a tendency for monensin to reduce 
GE energy loss by 9% in a 75% barley-silage diet.  Guan et al. (2006) reported similar 
reductions in methane emissions in steers fed either a low-concentrate or a high-
concentrate diet supplemented with monensin.  The lack of difference between diets is 
curious as the effect of monensin on feed efficiency differs among diet types (e.g. low-
quality forage, high-quality forage, and concentrate-based diets; Hristov et al., 2013).  
The effect of monensin on feed intake and acetate:propionate ratio may lead to a 
reduction in methane emission per unit of feed intake.   
Data suggest the effect of monensin on methane emissions may be short-lived. 
Sauer et al. (1998) reported a transient effect of monensin when multiple studies with 
monensin were conducted on lactating dairy cows.  Unknown adaptive changes in the 
rumen microflora were cited as an explanation for the differing results between 
experiments.  Guan et al. (2006) evaluated the effect of monensin on methane emissions 
in either low or high-concentrate diets and reported that methane emissions were different 
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between monensin treatments for the first 4 weeks of the experiment.  A follow-up 
experiment evaluated the rotation of monensin and lasalocid in the diet and reported 
similar findings on the effect of ionophore on methane emissions.  The population of 
ciliated protozoa in the rumen was reduced during the 4 weeks of ionophore 
supplementation, but returned to baseline level afterwards, which led Guan et al. (2006) 
to postulate that ciliates adapted to ionophore supplementation and were able to resume 
providing substrate for methanogens after 4 weeks of ionophore supplementation 
In contrast to the previous data, Odongo et al. (2007) reported that 24 mg 
monensin per kg of dry matter reduced methane production by 7% in lactating dairy cows 
and the effect persisted for 6 months of supplementation.  Cooprider et al (2011) fed beef 
cattle high-concentrate diets with or without metabolic modifiers, including monensin, 
tylosin, and beta agonists.  Removal of metabolic modifiers from a high-concentrate diet 
increased methane emissions by 31%, which the authors attributed to an overall increase 
in the number of days on feed for cattle not supplemented with metabolic modifiers. The 
discrepancy among studies may be due to diet type or monensin dosage, but the data are 
variable and more research is needed on the effect of monensin supplementation on 
methane emissions in high-concentrate diets, as only two of the previously mentioned 
experiments evaluated monensin in high-concentrate diets.  
Plant Compounds 
Plant secondary compounds may affect methane production in ruminants, as 
multiple published studies show effects of secondary compounds on rumen fermentation 
and microbial populations in the rumen.  These compounds have the advantage of being 
“natural” compounds, which may be considered more acceptable by consumers. 
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Condensed tannins (CT), a diverse group of polyphenolic compounds common to 
legumes, bind protein and carbohydrate in the rumen.  Tannins may be included in the 
diet through addition of high-tannin forages to the diet or through supplementation with 
small amounts of a concentrated extract.  Carulla et al. (2005) reported a 12% reduction 
in methane production per kilogram of intake in sheep when black wattle tree extract 
containing CT was added.  Puchala et al. (2005) reported a 50% reduction in methane 
production per kilogram of DMI when goats were offered high-tannin sericea lespedeza, 
compared to goats consuming tall fescue Conversely, Beauchemin et al. (2007) reported 
that supplementation of up to 2% of diet DM CT did not affect methane emissions from 
beef steers consuming a forage-based diet.  Ebert et al. (2015) also reported that methane 
production by beef cattle consuming a high-concentrate diet was not affected by CT 
extract inclusion at up to 1% of diet DM. Species and diet differences may explain the 
differing results, but more research is warranted. 
Essential oils are another class of naturally-occurring compounds receiving 
interest for their effects on rumen fermentation, with possible effects on methane 
production by ruminants postulated by Dean and Richie (1987).  Beauchamin and 
McGinn (2006) reported that a proprietary blend of essential oils (Crina Ruminants; Akzo 
Nobel Surface Chemistra S.A, Cedex, France) did not affect methane production by 
ruminants consuming a barley-silage based diet.  Few data have been generated on 
essential oils and methane production in ruminants and more investigation is needed.  
Other methods: DFM, vaccines, and defaunation 
Researchers have proposed alternative strategies to control methane emissions 
from ruminants.  Increased propionate production in the rumen will reduce methane, as 
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propionate is an alternative hydrogen acceptor in the rumen.  Vyas et al. (2014) evaluated 
ways to increase ruminal propionate by introducing various strains of Propionbacterium 
into the rumen of 20 ruminally cannulated heifers.  There was no effect of 
Propionbacterium strains on ruminal methane production, which the authors attributed to 
a failure of the introduced strains to persist in the rumen. 
 Rumen ecology can also be altered through selection against native populations of 
microbes.  Two methods investigated are the defaunation of the rumen and vaccination 
against individual species.  Wright et al. (2004) reported a 7.7% reduction in methane 
production after vaccination of sheep against 7 methanogen strains.  This effect is 
difficult to grasp, as the rumen does not have a direct link to the innate immune system 
and no evidence was found to suggest ruminants can directly control the microbial 
population of the rumen outside of dietary effects (e.g. rate of passage or diet change). 
Defaunation is the removal of protozoa from the rumen, who have a symbiotic 
relationship with methanogens in the rumen, producing hydrogen ions required to reduce 
carbon dioxide to methane.  Hegerty (1999) reported defaunation reduced methane output 
by 13%, but the response was diet dependent, with defaunation having the greatest effect 
of reducing methane in high-concentrate diets.  Defaunation is difficult to adapt on a 
commercial setting, as maintenance of a protozoa-free rumen is difficult and often 
requires specific environmental adjustments and supplementation with less-common feed 
ingredients. 
Conclusion 
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 The area of mitigation of CH4 production by ruminants is rapidly expanding.  
Methane production is an inherent part of the fermentation process which makes 
ruminants unique and valuable, but reducing its contribution to carbon output is of 
interest from nutritional and environmental perspectives alike.  There is a need to develop 
low-cost, high-throughput systems that can measure CH4 production by cattle in a 
realistic, production setting.  Such a system will then need to be validated against 
methods of known accuracy.  Limited work has been conducted evaluating potential 
CH4-reducing dietary treatments with simultaneous measurements of CH4 emissions and 
feedlot performance.  Additionally, there is limited data available evaluating CH4 
production in the type of growing and finishing diets common in the U.S. feedlot 
industry, specifically the Midwest and Northern Plains.  This represents a significant gap 
in the literature, as concern for gaseous emissions must be balanced against animal 
performance if overall productivity is to be maintained.  Further work on dietary 
interventions needs to focus on those strategies that can feasibly be adopted by producers, 
using readily available ingredients, and which, at the least, do not negatively affect 
animal performance.  Thus, the objectives of the following experiments were to evaluate 
the CH4 mitigation potential of a variety of dietary interventions in growing and finishing 
diets, and to do so using a novel, high-throughput system developed for use in a 
production setting.   
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ABSTRACT 
 Three experiments were conducted to evaluate the effects of diet and monensin on 
performance, digestibility, and methane production in steers fed forage-based diets.  In 
Exp. 1, 72 individually fed steers (300 ± 25 kg) were used in a randomized block design 
arranged as 2 separate 2 × 2 factorials with two common treatments, thus 6 diets were fed 
with 12 steers per treatment.  Factors included high (HQ) or low (LQ) quality forage with 
0 or 200 mg/steer daily of monensin.  An additional two HQ diets with 0% modified 
distillers grain plus solubles (MDGS) were fed with or without monensin to create 
another 2 × 2 factorial of 0 or 40% MDGS and monensin.  Calan gate bunks were 
partially enclosed and outfitted with a small air pump that was used to gradually fill a gas 
collection bag at time of feeding.  In diets containing 40% MDGS, monensin in a LQ diet 
tended to decrease DMI (forage x monensin interaction; P = 0.06) and ADG (P = 0.08), 
but had no impact on performance in HQ diets (P > 0.05).  A forage x monensin 
interaction was observed for CH4:CO2 and for L of CH4 produced per day and per kg of 
DMI (P < 0.05) where monensin decreased CH4 in LQ, however no effect was observed 
in HQ diets.  In Exp. 2, 6 crossbred steers (369 ± 17 kg) were used in a 3-period 
switchback calorimetry study to evaluate CH4 production by steers fed HQ or LQ forage 
with 20% MDGS.  Intake of DM, OM, and ADF were greater for cattle fed HQ forage 
compared to LQ forage (P ≤ 0.01).  Apparent total tract digestibility of DM tended (P = 
0.08) to be greater for those cattle fed HQ forage compared to LQ forage.  Methane and 
CO2 production (L/d) were also greater (P < 0.01) for cattle fed HQ forage.  In Exp. 3, 60 
individually fed steers (310 ± 28 kg) were used in a randomized block design with 6 
treatments: 4 diets containing differing forages (cornstalks, sorghum silage, husklage, and 
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ensiled husklage).  Three diets based on  ensiled husklage with 0 or 200 mg/steer daily 
monensin or a 3-week rotation between presence or absence of monensin were used to 
evaluate effect of monensin supplementation strategy.  All diets contained 30% Sweet 
Bran and CH4 was measured as described in Exp. 1.  Forage type impacted CH4:CO2 (P < 
0.01) with cattle fed sorghum silage having the greatest and those consuming stalks 
having the lowest CH4:CO2.  Monensin supplementation strategy had no effect on 
CH4:CO2 (P = 0.41).  Forage quality is a major determinant of CH4 production in 
growing cattle.   
     
Key words: cattle, distillers, forage, growing, methane, monensin 
 
INTRODUCTION 
Methane production through enteric fermentation by ruminants is a growing 
concern in countries around the world due to its contribution to accumulating greenhouse 
gases (GHG) in the atmosphere.  Loss of carbon as methane is a nutritional as well as an 
environmental concern, as the production of methane (CH4) is an energetic loss to the 
cattle which can account for 2-12% of gross energy intake (Johnson and Johnson, 1995).   
Forage is the primary component of diets fed to beef cattle, even in the U.S. 
(NRC, 2015).  There are a vast array of forages available for use and forages vary widely 
in quality.  Forage quality (i.e., energy content) has a significant effect on animal 
performance and CH4 emissions due to differences in digestibility and resulting VFA 
profile (Jung and Allen, 1995).  Boadi and Whittenberg (2002) fed cattle hay of 
increasing quality as described by increasing in vitro OM digestibility.  As forage quality 
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increased, DMI increased but L CH4/kg digestible OM intake decreased.  Pinares-Patino 
(2003) grazed cows on timothy pasture varying in forage maturity.  Although NDF 
content of forage increased with maturity, CH4 emissions as a percent of gross energy 
intake did not differ.  The authors suggested this was due to diet selection by the animal 
for the highest-quality diet available, which highlights the difference between forage-
based diets on pasture compared to in a controlled setting.  By-products of the ethanol 
industry are commonly included in forage-based diets as sources of protein and energy 
(Klopfenstein et al., 2008).  These feedstuffs alter nutrient composition of diets, 
especially fat content which has been widely studied as a CH4 mitigation strategy 
(McGinn et al., 2009; Hunnerberg et al., 2013).  However, the impact of by-product feeds 
as a fat source on CH4 production has not been as thoroughly investigated.  Replacing a 
portion of fiber or an alternate energy source with distillers grains (a source of fat and 
highly-digestible fiber) raises the question of whether the CH4-lowering effect of fat, or 
the potentially CH4-producing impact of digestible fiber will have a greater impact in the 
diet.  Another feed ingredient of interest for its CH4 mitigating potential is monensin.  
Monensin alters the rumen environment by shifting the ruminal VFA profile towards the 
production of propionate and by inhibiting gram positive bacteria, which in turn reduces 
H+ availability for methanogenesis (Ellis et al., 2012).  The impact of monensin on CH4 
production has been variable in the literature, resulting in either a decrease in CH4 
emissions as noted in a meta-analysis by Appuhamy et al. (2013), or a transient 
depression in CH4 which appears to be subject to microbial adaptation (Guan et al., 
2006).  This concept of adaptation warrants further investigation.  
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These dietary interventions each have implications for both CH4 production and 
animal performance, yet few studies have employed techniques which allow for the 
simultaneous monitoring of CH4 and evaluation of animal performance in a production 
setting.  Recently, there has been increased interest in developing new methods to 
measure CH4 from a large group of animals and that can perform high-throughput 
measurements with accuracy.  Improved methods for CH4 measurement will make it 
possible to develop mitigation strategies rapidly.   
Therefore, the objectives of these experiments were: to determine the impact of 
forage quality, level of by-product inclusion, and presence or absence of monensin in 
growing diets on CH4 production and cattle performance, and to develop and validate a 
non-invasive method for measuring methane emissions from cattle.   
 
 
MATERIALS AND METHODS 
All animal care and management practices were approved by the University of 
Nebraska-Lincoln Institutional Animal Care and Use Committee. 
 
Experiment 1 
 Seventy-two crossbred steer calves (initial BW = 300 kg; SD = 25 kg) were 
utilized in an 84-d, individually-fed, growing study utilizing a Calan gate system 
(American Calan Inc., Northwood, NJ).  Steers were received as calves in September 
2012 and initial processing included modified live virus vaccine for infectious bovine 
rhinotracheitis, bovine viral diarrhea types I and II, parainfluenza type 3, and bovine 
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respiratory syncytial virus (Vista-5, Merck Animal Health, DeSoto, KS); injectable 
anthelmintic (Cydectin, Boehringer Ingelheim Vetmedica Inc., St. Joseph, MO); and an 
oral drench for internal parasites (Safe-Guard, Merck Animal Health).  Steers grazed corn 
residue through the fall until trial initiation in January 2013.  Cattle were limit-fed a diet 
of 47.5% sweet bran (wet corn gluten feed, Cargill Corn Milling, Blair, NE), 47.5% 
alfalfa hay, and 5% supplement at 2.0% of projected BW for 5 d prior to trial initiation to 
equalize-gut fill (Watson et al., 2012).  Steers were weighed 3 consecutive days, with the 
average of the first 2 days used as initial BW (Stock et al., 1983), stratified by initial BW, 
assigned randomly to bunk, and bunk assigned randomly to treatment.  Steers were 
treated for external parasites (Permectrin, Bayer Animal Health, Shawnee, KS) on d 1 
and were implanted with Ralgro (36 mg zeranol, Merck) on d 21.  A randomized block 
experimental design was used with treatments arranged as 2 separate 2 × 2 factorials 
(Table 1) with 12 steers per treatment.  In the first 2 × 2 factorial, factors included forage 
quality and presence or absence of 200 mg per steer daily monensin (Rumensin, Elanco 
Animal Health, Greenfield, IN).  High quality forage consisted of a 60:40 alfalfa 
hay:sorghum silage blend (HQ), and low quality forage consisted of ground corn stalks 
(LQ).  Corn stalks were tub ground (Mighty Giant, Jones Manufacturing, Beemer, NE) 
through a 7.62 cm. screen.  All diets contained 40% modified distillers grains plus 
solubles (MDGS).  An additional two HQ diets with 0% MDGS were fed with or without 
monensin to create another 2 × 2 factorial of MDGS level and monensin inclusion.  
Dietary TDN values used for CH4 production estimates were calculated for each diet 
(Table 1) from NRC (2000) values; by-product values were based on previous work in 
our lab (Ahern et al., 2011)      
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 Feed was mixed daily in a feed truck (Roto-Mix, Dodge City, KS) and then 
weighed and fed by hand once daily.  Feed bunks were assessed at approximately 0600 h 
and managed to allow for trace amounts of feed to remain at time of feeding.  Refused 
feed was weighed back weekly or more frequently if needed, subsampled, and dried for 
48 h in a 60°C forced-air oven for determination of DM refused (AOAC, 1999 method 
4.1.03).  Feed ingredients were sampled weekly and analyzed in the same manner for 
DM, with as-fed ingredient proportions adjusted weekly.  At the conclusion of the study, 
steers were again limit-fed for 5 d as described above and weighed 3 consecutive days to 
determine ending BW.   
To facilitate the collection of respired air by the cattle to be analyzed for methane 
and carbon dioxide, the individual Calan gate bunks were partially enclosed and outfitted 
with a small air pump (Aqua Lifter AW-20, Tom Aquarium Products, Fenton, MO) that 
was used to gradually fill a gas collection bag over approximately ten minutes.  Gas 
collection was conducted at time of feeding and gas sample bags were filled with a 
mixture of ambient air and respired breath at a constant rate (approximately 1 L/min.).  
Gas samples were collected only while steers were in their bunks as pumps were turned 
on by a switch when Calan gates were open.  The collected gas consisted of a mixture of 
respired gasses and ambient air and analyzed within 24 hours for concentration of 
methane (CH4) and carbon dioxide (CO2) using a gas chromatograph (model 8610, SRI 
Instruments, Torrance, CA) that utilized a flame ionization detector and a methanizer (to 
convert CO2 to CH4 for quantification).  The gas chromatograph was calibrated at trial 
initiation and checked before every sampling period using commercially prepared gas 
standards (Airgas Inc., Lincoln, NE).  The resulting CH4 and CO2 concentrations were 
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then expressed as a ratio of methane to carbon dioxide (CH4:CO2) and used as an input in 
the equation developed by Madsen et al. (2010), described further below.  Gas samples 
were collected from each steer four times, approximately every 21 d (d 21, 42, 63, and 
84) throughout the feeding period.   
 Prior to feeding on d 21 and 63, cattle were esophageally tubed using a suction-
strainer technique to obtain 45 mL of rumen fluid for VFA profile analysis, prepared 
according to Erwin et al. (1961) and analyzed using a gas chromatograph (Trace 1300, 
Thermo Fisher Scientific, Waltham, MA).  Another portion of rumen fluid was flash 
frozen in liquid N and stored at -80º C for rumen microbial community analysis (data not 
presented). 
 This study was structured as a randomized block design with 6 BW blocks.  
Performance, ruminal VFA profile, and calculated emissions variables were analyzed 
using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) with steer as the 
experimental unit and BW block included in the model as a fixed effect.  Data were 
analyzed and will be shown as two separate 2 × 2 factorials.  Main effects tested were 
forage quality, monensin, and MDGS inclusion.  Interactions tested included: forage × 
monensin and MDGS inclusion × monensin.  The effect of change in CH4:CO2 over time 
was analyzed as a repeated measure with a heterogeneous compound symmetry 
covariance structure.  The model included the fixed effects of diet, time, and the diet × 
time interaction, with time as the repeated variable and steer within period as the subject.  
.An α-level of P ≤ 0.05 was considered significant and P ≤ 0.10 will be discussed as a 
tendency.   
Methane Emission Calculations 
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The equation developed by Madsen et al. (2010) provides a way to scale-up 
CH4:CO2 measured in short-term breath samples to an estimate of daily CH4 production.  
The concept is based on the use of CO2 as an internal marker.  Daily carbon dioxide 
production is assumed to be closely related to heat production, which is calculated as 
intake of ME minus energy in the animal products (in our application, ADG).  Remaining 
energy is considered to be lost as heat, heat is a proxy for CO2, and if CH4:CO2 is known, 
daily CH4 production can be calculated.  Metabolizable energy intake is calculated using 
observed animal DMI and TDN of the diet.  In the current experiment, observed 
CH4:CO2 was averaged across all sampling time points throughout the feeding period and 
inserted, along with calculated diet TDN and observed individual animal DMI and ADG, 
into the equation described in further detail in Chapter 1, p 18.  The resulting CH4 
production value was then expressed as L/d, L/kg of DMI, or L/kg ADG. 
 
Experiment 2 
 Six crossbred steers (initial BW = 369 kg; SD = 17 kg) were used in a 3-period 
switchback designed calorimetry study to evaluate CH4 production by growing cattle 
consuming low or high-quality forage.  Steers were paired by similar BW and assigned 
randomly within pair to one of two treatments for three, 21-d periods which consisted of: 
adaptation d 1-11, total fecal collection d 12-15, further adaptation d 16-19, and two 
consecutive, 23-h periods in the headbox calorimeter on d 20-21.  Two treatments were 
designed to be similar to Exp. 1: a high-quality forage diet consisting of a 60:40 sorghum 
silage:alfalfa hay blend with 20% MDGS (HQ) or a low quality forage diet consisting of 
75% ground corn stalks and 20% MDGS (LQ), each with 5% supplement (Table 2).  
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Urea was included in the LQ diet at 1.65% and both treatments were formulated to 
provide 200 mg/steer daily monensin (Rumensin, Elanco).  Diets were mixed 
approximately 2 times per week in a stationary ribbon mixer (model S-5 mixer, H. C. 
Davis Inc., Bonner Springs, KS) and fed ad libitum once daily at 0800.  Feed refusals 
were weighed back daily and on d 10-14, weighed, subsampled, and dried at 60°C for 
DM determination.   
 Apparent total tract digestibility of DM, OM, NDF, and ADF was determined 
through total fecal collection using fecal bags on d 12-15.  Feces were weighed, mixed, 
and composited by day and steer for DM determination using the same drying procedure 
as Exp. 1.  Ten percent of each daily fecal output was used for period composite.  Steer 
by period composites of feces, feed ingredients, and feed refusals were dried, ground to 
pass through a 1-mm using a Wiley mill (No. 4, Thomas Scientific, Swedesboro, NJ) and 
analyzed for DM as described above, OM by ashing samples at 600°C for 6 h, and NDF 
(Van Soest, et al., 1991) and ADF (Van Soest, et al., 1963) with the addition of sodium 
sulfite and alpha-amylase.  Rumen fluid was collected via esophageal tubing on the 
morning of day 20, prior to feeding and entry to the headbox, and analyzed for VFA 
profile as described in Exp. 1.   
Measurement of CH4 using calorimetry 
 Methane emissions were measured through indirect calorimetry using headboxes 
constructed at the University of Nebraska-Lincoln with the guidance of the U. S. Meat 
Animal Research Center (Clay Center, NE).  Steers were trained and acclimated to the 
headboxes before the initiation of the study.  Two headboxes were available, so the start 
d of the trial for each pair of steers was offset by one week.  Collections consisted of two 
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consecutive, 23-h periods on d 20 and 21 of each period, and were conducted similar to 
the procedure described by Foth et al. (2015).  Feed offered continued to be determined 
and adjusted throughout all collections, with the goal of ad libitum access to feed and 
water.  Steers and feed were placed in the headboxes at approximately 0800 and the doors 
were closed and vacuum motor (Model 115923, Ametek Lamb Electric, Kent, OH) 
turned on for 15 minutes before collections commenced to allow for air equilibration.  
Total gas flow through the system was measured using a gas meter (Model AL425, 
American Meter, Horsham, PA) and a constant, proportional sample of inlet and exhaust 
air was regulated using flowmeters (Model 1350E Sho-Rate 50, Brooks Instruments, 
Hatfield, PA).  These gas samples were collected in foil bags and analyzed for CH4 and 
CO2 using a gas chromatograph as described in Exp. 1.  Temperature and relative 
humidity inside each box were measured every minute using a probe (Model TRH-100, 
Pace Scientific Inc., Mooresville, NC) and data logger (Model XR440, Pace Scientific) 
and used in the calculation of gas production.  Steers were removed from headboxes for 
one hour between the two collection days to rest in their home pens (climate controlled, 
rubber-matted, slatted-floor individual pens) and allow for cleaning and removal of 
refused feed.  During the first of the 2 d of headbox measurements each period, the gas 
chromatograph was used to measure diurnal variation in CH4 and CO2 concentration for 
one steer in each pair each period.  Gas samples were collected automatically by the gas 
chromatograph every 10 minutes for 23 h and analyzed for CH4 and CO2 concentration.  
This data was used to calculate CH4:CO2, which was analyzed for change over time. 
 Nutrient intake and digestibility and all emissions variables were analyzed using 
the MIXED procedure of SAS (SAS Inst., Cary, NC) with period and treatment as fixed 
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effects and steer as the random effect.  The effect of diurnal variation as change in 
CH4:CO2 over time was analyzed as a repeated measure with a compound symmetry 
covariance structure.  The model included the fixed effects of forage quality, time, and 
the forage × time interaction, with time as the repeated variable and steer within period as 
the subject.  An α-level of P ≤ 0.10 was considered significant.    
 
Experiment 3 
 Sixty crossbred steer calves (initial BW = 310 kg; SD = 28 kg) were utilized in an 
89-d, individually-fed, growing study utilizing a Calan gate system (American Calan 
Inc.).  Cattle were handled, limit-fed, weighed, and assigned to treatment as described in 
Exp. 1.  Steers were blocked into 10 blocks according to initial BW, assigned randomly 
to 1 of 6 treatments within BW block; with 10 steers/treatment.  Six forage-based diets 
were used, consisting of 1 of 4 forages: sorghum silage (SorSil), ground corn stalks 
(Stalks), husklage (Husk), and ensiled husklage (EnsHusk).  Husklage is corn residue 
harvested and baled at the time of corn harvest with an implement that follows the 
combine.  Ensiled husklage was produced by adding water to achieve a DM content of 
35% and bagging and storing the residue for a minimum of 30 days prior to feeding.  
Each of these 4 diets was formulated to provide 200 mg/steer daily monensin  Two 
additional EnsHusk diets were included, one with no monensin for the duration of the 
study, and one which included monensin (200mg/steer daily) on a rotational basis in 3-
week intervals.   All diets (Table 3) contained 3% SoyPass (Borregaard Lignotech, 
Rothschild, WI) and 30% Sweet Bran (Cargill).  Steers were implanted with Ralgro on d 
1 of the trial.  Feed was mixed and delivered in a vertical-mix feed truck (Model 
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A100TM, Jaylor International, Ontario Canada) once daily.  Ingredients and feed refusals 
were managed in the same manner as Exp. 1.  Diet TDN values (Table 3) were 
performance calculated, based on relative improvement in G:F above that of Stalks (diet 
TDN set at 43%).   
 Gas samples for measurement of CH4 and CO2 were collected as described in 
Exp. 1, with each steer sampled 6 times throughout the feeding period, approximately 
every 14 d.  Emissions were calculated using the equation of Madsen et al. (2010) as 
described above.  Performance and emissions data were analyzed in the same manner as 
described in Exp. 1 with the effects of forage type/harvest method and monensin strategy 
being separated with preplanned contrasts.  The change in CH4:CO2 throughout the 
growing period was analyzed as a repeated measure similar to Exp. 2 with the repeated 
variable being sampling time point (once every two weeks) and steer being the subject.  
An α level of P ≤ 0.05 was considered significant and P ≤ 0.10 will be discussed as a 
tendency. 
Method Comparison    
 Agreement in results across the two methods: CH4:CO2 plus Madsen calculation 
compared to headbox calorimetry, was evaluated (Table 10) using PROC t-test of SAS 
(SAS Inst. Inc., Cary, NC).  Two common treatments that were utilized in Exp. 1 and 
Exp. 2 (HQ or LQ forage) were chosen.  Dry matter intake, CH4 and CO2 production 
(L/d), and CH4:CO2 were the variables compared.  Agreement was determined using the 
P-value generated by the Cochran approximation, which adjusts for unequal variances in 
the distribution of each sample method.  Values obtained through the two methods were 
considered to differ when P > 0.10.   
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RESULTS 
Experiment 1 
Performance 
 In diets containing 40% MDGS (Table 4), there was a tendency for a forage 
quality × monensin interaction for DMI (P = 0.06) and ADG (P = 0.08), where the 
presence of monensin in a LQ diet slightly decreased DMI and thus gain but had no 
impact on performance in HQ diets.  No other effects of monensin were observed (P > 
0.27).  Steers fed HQ forage diets had greater ending BW and G:F (P < 0.01) than those 
fed LQ forage.  
 A MDGS concentration x monensin interaction was observed in HQ forage diets 
(Table 5). In diets with 40% MDGS, inclusion of monensin improved ADG (P = 0.02) 
and efficiency (P = 0.04).  However, diets with no MDGS, displayed depressed ADG and 
G:F.  Inclusion of 40% MDGS improved ending BW, DMI, ADG, and G:F (P < 0.01) 
compared to 0% MDGS.   
Emissions 
A forage quality × monensin interaction was observed for CH4:CO2 and for liters 
of CH4 produced per day and per kg of DMI (P < 0.05, Table 6).  Monensin had no effect 
in HQ forage diets (P > 0.43), but decreased CH4 production in cattle fed LQ forage (P < 
0.01).  Steers consuming HQ forage produced 82% more CH4 (L/d) and had greater 
CH4:CO2, L CH4/kg DMI, and L CO2 produced per day (P < 0.01) than those consuming 
LQ forage.  The addition of monensin decreased L CH4/kg ADG by 18.2%, in LQ forage 
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diets (P = 0.03).However, there was no difference due to forage type when CH4 
production is expressed per kg of ADG (P = 0.26).   
In HQ forage diets, no MDGS inclusion x monensin interactions were observed 
(P > 0.05, Table 7).  Cattle consuming 40% MDGS produced greater amounts of CH4 in 
L/d and L/kg DMI and L/d of CO2 (P < 0.01).  However, no difference in CH4:CO2 (P = 
0.52) was detected in diets with 0% MDGS.  However, cattle fed diets containing 0% 
MDGS produced 9.3% more L CH4/kg ADG than those consuming diets with 40% 
MDGS (P = 0.05).  No differences due to monensin inclusion were observed when all 
diets were HQ forage diets (P > 0.49).   
No treatment × time interaction in the forage × monensin comparison was 
observed (P = 0.89, Figure 1) for CH4:CO2 when plotted for change over time throughout 
the 84 d study.  An effect of time was observed (P < 0.01), as CH4:CO2 increased over 
time for all diets.  As well, an effect of diet was observed (P < 0.01), as CH4:CO2 was 
lower for low-quality forage diets containing monensin over all time points, reflecting the 
forage × monensin interaction noted above. 
Similarly, no treatment × time interaction in the MDGS × monensin comparison 
was observed (P = 0.86, Figure 2) for CH4:CO2 when plotted for change over time.  
Again, an effect of time was observed (P < 0.01), as CH4:CO2 increased over time for all 
diets.  However, in agreement with the calculated emissions values, no effect of diet was 
observed (P = 0.68) for change in CH4:CO2 over time, as all treatments displayed a 
similar pattern of change. 
VFA Profile  
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 There were no interactions between forage quality and monensin for ruminal VFA 
characteristics (P > 0.24, Table 6).  Feeding HQ forage resulted in lower molar 
proportions of acetate and greater molar proportions of butyrate (P < 0.01), but had no 
impact on propionate or acetate to propionate ratio (A:P; P > 0.20) compared to LQ 
forage diets.  A MDGS level x monensin interaction existed for butyrate (P < 0.01, Table 
7), where addition of monensin increased butyrate concentration in diets with no MDGS, 
but decreased butyrate in diets containing 40% MDGS.  Inclusion of both MDGS and 
monensin decreased molar proportion of acetate (P < 0.01 and P = 0.04, respectively).  
Diets containing 40% MDGS also produced greater proportions of propionate and 
butyrate (P < 0.01) and a decreased A:P (3.9 vs. 4.9, P < 0.01) compared to diets with no 
MDGS.    
 
Experiment 2 
Digestibility 
 Intake of DM, OM, and ADF were greater for cattle fed HQ forage compared to 
LQ forage (P ≤ 0.01, Table 8).  Dry matter intake of HQ forage was 48% greater than 
that of LQ forage.  Intake of NDF also tended to be greater for diets containing HQ 
forage (P = 0.06).  Amount of DM and OM digested was greater for HQ compared to LQ 
forage (P < 0.01), but was not different from each other for amount of NDF or ADF 
digested (P = 0.19 and P = 0.46, respectively).  Amount excreted for DM, OM, NDF, and 
ADF were each greater for HQ compared to LQ forage (P < 0.01).  Apparent total tract 
digestibility of DM tended (P = 0.08) to be greater for those cattle fed HQ vs. LQ forage 
(63.7 and 61.5% respectively).  No differences between forage quality was observed for 
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OM digestibility (P = 0.59).  Both NDF and ADF digestibilities were greater in cattle fed 
LQ forage diets compared to HQ forage diets (P < 0.01).    
 
Emissions and VFA 
 Cattle consuming HQ forage had greater CH4:CO2 (P = 0.03, Table 9) than those 
fed LQ forage (0.090 vs. 0.083).  Methane and CO2 production (L/d) were also greater (P 
< 0.01) for steers fed HQ forage and was 59 and 43% greater (respectively) than in steers 
consuming LQ forage.  However, due to the 31% decrease in OM intake in LQ compared 
to the HQ forage diets, no difference was observed for CH4 production per kg of OM 
digested (P = 0.14).  Diurnal variation in CH4:CO2 is presented in Figure 3.  No forage 
quality × hour interaction was observed (P = 0.94), but an effect of time (P < 0.01) was 
observed.  Methane to CO2 ratio appeared to vary throughout the day, but decreased over 
time and was greatest after feeding the following morning.  
 Forage quality had no impact on molar proportion of acetate or propionate (P = 
0.22 and P = 0.82, respectively; Table 9).  Thus, A:P was not different (3.4 vs 3.5 in HQ 
and LQ forage diets respectively; P = 0.94).  Concentration of butyrate was greater in 
steers consuming HQ forage (P = 0.05).     
Method Comparison 
 Data produced through the Calan gate measurement and equation method was 
compared to values obtained using the calorimetry experiment and were compared 
statistically using a T-test (Table 10).  Direct comparison of HQ diets is challenging as 
the HQ diets fed in the Calan system contained either 0 or 40% MDGS, whereas the HQ 
diet consumed by steers in the headbox contained 20% MDGS.  Therefore, a range of 
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values are reported, reflecting the differing values in CH4 production that are predicted in 
diets with varying amount of MDGS.  Values for CH4:CO2 (P = 0.10), daily CH4 (P = 
0.36) and (P = 0.33) CO2 production, and DMI (P = 0.12) are not different between the 
headbox with 20% MDGS and the Calan system with 0% MDGS in HQ forage diets.  
However, when comparing daily CH4 and CO2 production for headbox or Calan system 
with 40% MDGS, value are different (P < 0.01) for HQ forage diets.  In LQ forage diets, 
the two methods agree for CH4:CO2 (P = 0.52), daily CH4 production (P = 0.76), and 
daily CO2 production (P = 0.22).  Dry matter intake of LQ forage differed between 
methods (P < 0.01).       
 
Experiment 3 
Performance  
Higher quality forage resulted in improved performance.  Cattle consuming SorSil 
had the greatest ending BW, DMI, and ADG (P < 0.01, Table 11).  Steers consuming 
Husk and EnsHusk had intermediate ending BW and ADG, while cattle consuming 
Stalks performed the poorest (P < 0.01).  The process of ensiling the husklage increased 
DMI (P < 0.01) but had no impact on ADG (P < 0.01).  Steers consuming SorSil, Husk, 
and EnsHusk all had improved G:F when compared to cattle fed Stalks. 
Cattle receiving monensin continuously had greater ending BW (P = 0.04, Table 
12), but no other effects of monensin supplementation were observed (P > 0.12)  
Emissions 
 Forage type impacted all measures of emissions (P < 0.01; Table 11).  For 
CH4:CO2, steers consuming SorSil had the greatest CH4:CO2 and steers fed Stalks had the 
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lowest, with steers fed Husk and EnsHusk being intermediate.  No difference in CH4:CO2 
was observed between cattle fed EnsHusk and SorSil or Husk and Stalks.  Methane, CO2, 
and L CH4/kg DMI each followed the same pattern with SorSil being the greatest, Stalks 
the least and Husk and EnsHusk intermediate (Table 11).  Steers consuming Stalks had 
the lowest L CH4/kg ADG.  EnsHusk was not different from Husk for any measure of 
emissions (P > 0.05).   
Monensin supplementation strategy had no impact on overall CH4:CO2 across the 
feeding period (P = 0.41, Table 12).  However an effect of time was observed (Figure 5) 
due to rotational inclusion of monensin.  Steers receiving monensin on a 3-week 
rotational basis had lower daily CH4 production and CH4/kg DMI compared to steers 
consuming monensin continuously or not at all (P < 0.01).  Rotationally supplemented 
steers also had the lowest L CH4/kg ADG, with non-supplemented steers having the 
greatest and continuous steers being intermediate (P < 0.01).   
 A treatment × time interaction for change in CH4:CO2 due to forage type was 
observed (P < 0.01, Figure 4), where CH4:CO2 was different across forages for weeks 2, 
4, 6, and 8 of the growing period (P < 0.05), but then were not different for the final 2 
sampling periods at weeks 10 and 12 (P = 0.58 and 0.59, respectively).  No treatment × 
time interaction for CH4:CO2 was observed due to monensin supplementation strategy (P 
= 0.13, Figure 5).  There was an effect of time (P < 0.01), however providing monensin 
constantly or on a 3-week rotational basis had no impact on CH4:CO2 compared to no 
monensin.  
 
DISCUSSION 
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 Performance responses to forage quality and MDGS were as expected.  Diets 
containing either HQ forage or 40% MDGS had greater ending BW, DMI, ADG, and G:F 
than diets containing LQ forage or 0% MDGS.  Plant cell wall digestibility is affected by 
plant species and maturity, but in general, greater concentrations of ADF (cellulose + 
lignin) decrease digestibility and energy availability (Jung and Allen, 1995).  The effects 
of forage quality observed in Exp. 1 match data compiled by Jung and Allen (1995).  The 
value of distillers grains as an energy source across various diet types has been well 
documented and is reflected in the current studies.  Nuttelman et al. (2010) reported a 
quadratic increase in gain and feed efficiency as wet distillers grains were increased from 
15 to 35% inclusion in a forage-based growing diet.  The monensin x forage quality 
interaction in Exp. 1 appears to be driven by the 6% decrease in DMI that occurred when 
monensin was included in LQ forage diets.  This decrease in energy intake may have 
resulted in the tendency for lower ADG for those cattle.  The decrease in DMI observed 
in Exp. 1 is greater than the expected 3% depression in DMI that is expected due to 
monensin inclusion reported in a meta-analysis by Duffield et al. (2012).  The monensin 
x MDGS interaction was not expected and the decrease in ADG and G:F in cattle fed 
monensin with 0% MDGS is not typical, as the meta-analysis also reports that monensin 
should increase ADG by 2.5% and G:F by 1.3%.  This interaction is especially 
unexpected considering the identical DMI to those steers fed no monensin and 0% 
MDGS.  However, the improvement in ADG with monensin inclusion in diets containing 
40% MDGS (9.5% improvement) is considerably greater than the expected response, 
despite no impact on DMI or A:P (Duffield et al., 2012).   
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 As expected, cattle fed the alfalfa hay and sorghum silage blend ate more than 
those fed ground corn stalks.  Greater intakes of DM, OM, NDF, and ADF by those steers 
consuming HQ forage could be attributed to the increased passage rate and reduced gut 
fill limitation associated with a diet that contains less fiber (Jung and Allen, 1995).  Diets 
with HQ forage contained 50.5 and 37.1% NDF and ADF, respectively, while LQ diets 
contained 68.3 and 48.3% and ADF NDF and ADF, respectively.  The tendency for the 
small increase in DM digestibility in HQ compared to LQ forage is not the magnitude of 
response we expected.  However, the large difference in DMI (48% greater for HQ) may 
have contributed to this result, creating the opportunity for some compensation in DM 
digestibility, bringing the two values closer together (as the passage rate for LQ forage is 
presumably  slow).  Even so, the value for LQ forage is higher than anticipated.  
Similarly, we expected to observe lower OM digestibility for cattle fed LQ forage, as 
would be indicated by performance of cattle fed a similar diet in Exp. 1.  It is unclear why 
NDF and ADF digestibility were greater for LQ than HQ forage.  This is potentially due 
to the dramatic difference in DMI, especially considering that steers fed HQ forage had 
intakes approaching 3% of BW.  Additionally, the corn stalks appear to have had a 
greater fiber digestibility than expected based on previous work by our group.  Peterson 
et al. (2014) observed DM, OM, and NDF digestibilities approximately 10 percentage 
units lower than in the current study, when feeding untreated corn stalks with 20% 
MDGS to growing cattle. One potential explanation is the possibility for soluble ash to 
have been lost during filtering for fiber analysis, resulting in inflated fiber digestibilities.   
 Few differences in ruminal VFA profile were observed, as all diets in the 3 
experiments were forage-based diets.  The decrease in A:P due to inclusion of 40% 
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MDGS is the classical response and is in agreement with Leupp et al. (2009) who 
observed a linear decrease in A:P as dried distillers grains were increased from 0 to 60% 
of a growing diet. Additionally, Schoonmaker et al. (2014) observed a decrease in A:P 
when 40% WDGS was added to a 30% forage diet as WDGS supplies energy, replacing 
fiber with fat.  This dietary change promotes a shift toward propionate production due to 
the reduction in acetate formation caused by a decrease in the amount of fiber fermented 
and thus H+ produced.  Conversely, an in vitro study by Smith et al. (2014) failed to 
show a response to increasing WDGS from 0 to 37.5% on A:P.  The lack of the typical 
VFA shift in response to monensin in the current study disagrees with previous work.  
Dinius et al. (1976) reported a decrease in A:P in forage diets when monensin was 
included at a similar rate to the current study.  Additionally, Vagnoni et al. (1995) 
provided 200 mg/steer daily to calves consuming hay ad libitum and observed a decrease 
in A:P.  The decrease in A:P due to monensin can be attributed to the inhibition of 
acetate-producing gram positive bacteria in the rumen (Church, 1988).  We hypothesize 
that differences in ruminal VFA profile were not observed due to the time of rumen fluid 
collection, which was in the morning before feeding (chosen for logistical purposes and 
for collection of sample for microbial community analysis).  Considering that peak 
fermentation and thus peak ruminal VFA concentration occurs approximately 4 h after 
feeding (Noziere and Hoch, 2006), the current method may have missed the opportunity 
to observe changes in ruminal VFA profile.   
 
Methane Emissions  
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 The forage × monensin interaction observed in Exp. 1 is interesting and supports 
the idea that the impact of monensin on CH4 emissions differs among diet types (Hristov 
et al., 2013).  Similarly, a meta-analysis by Duffield et al. (2012) suggested that the 
effects of monensin on performance is variable across diet types.  The decrease in 
CH4:CO2 and daily CH4 production due to monensin in LQ forage is not due solely to its 
impact on DMI, even though intake is a main determinant of CH4 production (Johnson 
and Johnson, 1995).  When expressed as L CH4/kg DMI, the interaction still exists, 
suggesting that the decrease in CH4 may be due to the other effects of monensin in the 
rumen, such as shift in VFA profile and rumen microbiota.  The explanation of a decrease 
H+ supply was supported by the findings of Russell and Stroebel (1989) who found that 
monensin-induced CH4 reduction was ameliorated when another source of H+ was given 
in vitro.   This impact of monensin on CH4 was also evident when expressed as a function 
of ADG, since the magnitude of CH4 depression was greater than that of monensin on 
performance in LQ forage fed cattle.  The plotting of change in CH4:CO2 over time 
further confirmed the forage × monensin interaction, as LQ forage diets containing 
monensin maintained the lowest CH4:CO2 over the entire period.  This suggests that in 
that experiment, the effect of monensin did not diminish over time.   
The results of Exp. 3 support the idea that there may be some adaptation to 
monensin by the rumen microbial community (Sauer et al., 1998) as the steers that 
received monensin on a rotational basis, presumably avoiding adaptation by the rumen 
microbial community, had the lowest CH4 production, even when expressed per kg of 
DMI.  However, this is not supported by the change in CH4:CO2 over time, as no time × 
treatment interaction was observed.  Although a pattern for the rotationally-supplemented 
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cattle to have lower CH4:CO2 during monensin feeding seems to exist visually on the 
graph, there was no statistical difference detected.  This may be due to shortcomings in 
the measurement system, as gas was only collected at time of feeding every other week.  
More intensive sampling may have been able to model this effect more clearly.  Guan et 
al. (2006) evaluated the effect of monensin on methane emissions in either low or high-
concentrate diets and reported that methane emissions were different between monensin 
treatments for the first 4 weeks of the experiment.  A follow-up experiment by the same 
authors evaluated the rotation of monensin and lasalocid in the diet and reported similar 
findings on the effect of ionophore on methane emissions.  The population of ciliated 
protozoa in the rumen was reduced during the 4 weeks of ionophore supplementation, but 
returned to baseline level afterwards, which led Guan et al. (2006) to postulate that 
ciliates adapted to ionophore supplementation and were able to resume providing 
substrate for methanogens after 4 weeks of ionophore supplementation.  In the current 
study, periods of monensin feeding lasted only 3 weeks at a time, which appears to have 
prevented the adaptation observed by Guan et al. (2006).  In contrast, Odongo et al. 
(2007) reported that 24 mg monensin per kg of dry matter reduced methane production 
by 7% in lactating dairy cows and the effect persisted for 6 months of supplementation.  
Rumen fluid was collected in the current study for microbial community analysis and it 
will be interesting whether or not that data supports a lack of adaptation.  
 Theoretically, increasing forage quality, as defined by decreasing fiber content 
(NDF and ADF) impacts CH4 production by decreasing acetate production, which in turn, 
decreases availability of methyl groups for methanogenesis (Ferry, 1992).  However, in 
the current studies, we did not observe this.  In Exp. 1, the forage x monensin interaction 
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appears to have been largely by the monensin effect in LQ forage.  In the headbox study, 
HQ forage increased both daily CH4 production and CH4:CO2, the latter of which should 
account for differences due to DMI.  It is surprising that this effect of forage quality was 
not reflected in the CH4:CO2 as monitored by the gas chromatograph on the headbox over 
time.  In the diurnal variation dataset, there is an effect of time, as CH4:CO2 decreased 
throughout the day for both treatments, but no difference in that pattern due to forage 
quality.  It is possible that the time interval (10 minutes) between spot measurements was 
too long, and may have missed many peaks in CH4 concentration (i.e. due to eructations).  
It is important to remember, however, that although HQ forage results in greater daily 
CH4 production, L of CH4/kg ADG was unaffected, meaning that to achieve the same 
ending BW, cattle fed LQ forage may require longer days on feed, negating any decrease 
in daily amount of CH4 production.  The same results were observed in Exp. 3, where the 
higher quality forage (sorghum silage) increased, rather than decreased measures of CH4 
production.  This is also seen in the change in CH4:CO2 over the 84 d study, as treatment 
differences existed for the first 8 weeks, where steers consuming sorghum silage had 
greater CH4:CO2 than those consuming corn stalks.  It is not clear why this difference is 
not apparent for the last 4 weeks of the study, but the change in DMI across treatment 
over time would be interesting to examine.  It is possible that toward the end of the study, 
DMI of sorghum silage levelled off and that of corn stalks increased to the maximum 
level allowed by gut fill.  This would decrease the difference in DMI between the two 
forages, thus decreasing the difference in CH4 production.  The balance between 
increased days on feed and differing daily CH4 production can be illustrated as follows.  
In diets containing 40% MDGS and monensin, steers fed HQ forage gained 0.82 kg more 
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weight per d while producing 179 more L/d of CH4 but steers fed LQ forage will require 
86 additional days to reach the same ending BW.  This results in similar total amounts of 
CH4 being produced (28,980 L compared to 28,220 L for HQ and LQ, respectively).  
However, due to the increased time spent in the feedlot, the steers fed LQ forage will 
consume 21.8% more DM and consequently produce more waste (both solid and 
gaseous), while decreasing throughput and overall productivity of the feeding operation.        
 Distillers grains supply fat and fiber and can replace starch or fiber (Klopfenstein 
et al., 2008), depending on the basal diet.  In the current study, MDGS replaced HQ 
forage, which could be viewed as exchanging sources of highly digestible fiber.  
Modified distillers grains plus solubles supplied additional fat and energy, as 
demonstrated by the 70% increase in ADG and 48% improvement in G:F for cattle fed 40 
compared to 0% MDGS.  The inclusion of MDGS had no impact on either average 
CH4:CO2 or change in CH4:CO2 plotted over time increased daily CH4 production 
(presumably due to greater intake of a more highly digestible diet), but still decreased L 
of CH4/kg ADG.  This is in agreement with McGinn et al. (2009), in which replacing 
barley grain with 35% dried distillers grains improved performance and decreased CH4 
loss as a % of GE intake by 24%.  This suggests that, of the approaches tested in the 
current studies, inclusion of MDGS may be the most effective way to decrease CH4 
production while maintaining or improving performance in a growing diet.       
 
Method Comparison 
 A major objective of this work was to design a new method to measure CH4 
emissionsfrom a larger number of cattle, less expensively, and in production type setting.  
82 
 
 
Our approach developed as a variation of other short-term breath sampling methods 
similar to Garnsworthy et al. (2012) combined with the equation described by Madsen et 
al. (2010).  The headbox study was conducted as a way to compare and validate results 
produced by the new method.  While the absolute values may not match, the direction of 
change between treatments appears to be in reasonable agreement.  Agreement between 
methods is more consistent in the LQ diets and between HQ diets that are more similar (0 
and 20% MDGS compared with 0 and 40% MDGS).  This is intuitive and supports the 
hypothesis that the Calan system could be a suitable alternative to calorimetry.  The 
newly developed system appears to be capable of detecting differences, at least of the 
magnitude displayed in this comparison, though HQ and LQ forage treatments were 
chosen specifically for their marked differences found in Exp. 1.    
 Increasing the quality of growing diets, whether by utilizing a more energy-dense, 
lower-fiber roughage, or by the inclusion of ethanol by-products, increased both CH4 
emissions and animal performance.  However CH4 per unit of gain, which may be the 
more practically useful measure, decreased.  The CH4 mitigating impact of monensin was 
evident only in diets based on low-quality forage, suggesting that the effect of certain 
dietary interventions may depend upon the type of diet they are being implemented in.   
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Table 1. Composition of growing diets containing high or low-quality forage, 0 or 
40% modified distillers grains plus solubles, and presence or absence of monensin 
(DM basis; Exp. 1). 
 
High-quality Forage1 
 Low-quality 
Forage2 
 
0 MDGS3 
 
40 MGDS 
 
40 MGDS 
Item + Mon4 - Mon5 
 
+ Mon - Mon 
 
+ Mon - Mon 
Alfalfa hay 57 57  33 33  0 0 
Sorghum 
silage 38 38  22 22  0 0 
Corn stalks 0 0  0 0  55 55 
MDGS 0 0  40 40  40 40 
Supplement6         
   Fine Ground 
Corn  4.523 4.535  3.968 3.980  3.412 3.424 
   Limestone - -  0.556 0.556  1.111 1.111 
   Salt 0.300 0.300  0.300 0.300  0.300 0.300 
   Tallow 0.100 0.100  0.100 0.100  0.100 0.100 
   Trace 
Mineral7 0.050 0.050  0.050 0.050  0.050 0.050 
   Vitamin A-
D-E8 0.015 0.015  0.015 0.015  0.015 0.015 
   Rumensin-
909 0.012 -  0.012 -  0.012 - 
Diet TDN10 51.9 51.9  73.2 73.2  66.9 66.9 
1 High-quality forage = 60:40 blend of alfalfa hay and sorghum silage. 
2 Low-quality forage = ground corn stalks. 
3 MDGS = modified distillers grains plus solubles. 
4 + Mon = Diets containing monensin, formulated to provide 200 mg/steer daily. 
5 – Mon = Diets containing no monensin. 
6 Supplement formulated to be fed at 5% diet DM. 
7 Premix contained 6.0% Zn, 5.0% Fe, 4.0% Mn, 2.0% Cu, 0.29% Mg, 0.2% I, 0.05% 
Co. 
8 Premix contained 30,000 IU vitamin A, 6,000 IU vitamin D, 7.5 IU vitamin E per 
gram. 
9 Premix contained 198 g/kg monensin.  
10 TDN calculated based on values from NRC (2000) and Ahern et al. (2011). 
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Table 2. Composition of growing diets containing high or 
low quality forage used in calorimetry study (DM basis; 
Exp. 2). 
 Treatment1 
Item HQ LQ 
Alfalfa hay 45 - 
Sorghum silage 30 - 
Ground Corn stalks 0 75 
MDGS2 20 20 
Supplement3   
   Fine Ground Corn  4.501 1.654 
   Urea - 1.650 
   Limestone - 1.194 
   Salt 0.300 0.300 
   Tallow 0.125 0.125 
   Trace Mineral4 0.050 0.050 
   Vitamin A-D-E5 0.015 0.015 
   Rumensin-906 0.009 0.012 
Nutrient Composition   
   CP 14.8 13.9 
   NDF 50.5 68.3 
   ADF 37.1 48.3 
1 HQ = 60:40 blend of alfalfa hay and sorghum silage, LQ = 
ground corn stalks. 
2 MDGS = modified distillers grains plus solubles. 
3 Supplement formulated to be fed at 5% diet DM. 
4 Premix contained 6.0% Zn, 5.0% Fe, 4.0% Mn, 2.0% Cu, 
0.29% Mg, 0.2% I, 0.05% Co. 
5 Premix contained 30,000 IU vitamin A, 6,000 IU vitamin D, 
7.5 IU vitamin E per gram. 
6 Premix contained 198 g/kg monensin.  
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Table 3. Composition of growing diets differing in forage harvest method or monensin content (DM basis, 
Exp. 3) 
 Treatment 
Ingredient Stalks SorSil Husk EnsHusk +1 EnsHusk -1 
Ground cornstalks 62 - - - - 
Sorghum silage - 62 - - - 
Husklage2  - - 62 - - 
Ensiled Husklage3 - - - 62 62 
Sweet Bran4 30 30 30 30 30 
Soypass5 3 3 3 3 3 
Supplement6      
   Fine ground corn 3.444 3.315 3.444 3.444 3.457 
   Limestone 1.053 1.182 1.053 1.053 1.053 
   Salt 0.300 0.300 0.300 0.300 0.300 
   Tallow 0.125 0.125 0.125 0.125 0.125 
   Trace mineral7 0.050 0.050 0.050 0.050 0.050 
   Vitamin A-D-E8 0.015 0.015 0.015 0.015 0.015 
   Rumensin-909 0.013 0.013 0.013 0.013 - 
Diet TDN10 43.0 58.4 59.0 54.4 54.4 
1 EnsHusk + = contains monensin; EnsHusk - = does not contain monensin; diets rotated every 3 weeks to create 
EnsHusk +/- treatment. 
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2 Corn residue baled at time of grain harvest behind combine. 
3 Husklage ensiled at 35% DM for at least 30 d prior to feeding. 
4 Sweet Bran = wet corn gluten feed (Cargill Corm Milling, Blair, NE). 
5 Soypass = source of rumen undegradable protein (Lignotech USA, Rothschild, WI). 
6 Supplement formulated to be fed at 5% diet DM. 
7 Premix contained 6.0% Zn, 5.0% Fe, 4.0% Mn, 2.0% Cu, 0.29% Mg, 0.2% I, 0.05% Co. 
8 Premix contained 30,000 IU vitamin A, 6,000 IU vitamin D, 7.5 IU vitamin E per gram. 
9 Premix contained 198 g/kg monensin.  
10 TDN performance-calculated as relative improvement in G:F compared to Stalks, set at 43.0%.  TDN of EnsHusk 
+/- treatment = 49.7%. 
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Table 4. Effect of forage quality and presence of monensin on cattle performance in diets 
containing 40% modified distillers grains plus solubles (Exp 1). 
 HQ forage1  LQ forage2  P-value3 
Item + Mon4 - Mon5  + Mon - Mon SEM Forage Mon For*Mon 
Initial BW, kg 300 299  301 301 3.5  0.67 0.81 0.88 
Ending BW, kg    435     422      367     369 5.5 <0.01 0.34 0.17 
DMI, kg/d       10.3       9.9        6.2       6.6    0.2 <0.01 0.96 0.06 
ADG, kg  1.61 1.47    0.79    0.82    0.05 <0.01 0.27 0.08 
G:F 0.157 0.148  0.127  0.124    0.006 <0.01 0.33 0.63 
1 HQ forage = 60:40 blend of alfalfa hay and sorghum silage. 
2 LQ forage = ground corn stalks. 
3 Forage= main effect of forage quality, Mon= main effect of presence of monensin, For*Mon= effect of 
interaction between forage quality and monensin. 
4 + Mon = Diets containing monensin, formulated to provide 200 mg/steer daily. 
5 – Mon = Diets containing no monensin. 
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Table 5. Effect of level of MDGS1 and presence of monensin on cattle performance in diets containing high-quality forage 
(Exp. 1). 
 0 MDGS  40 MDGS  P-value2 
Item + Mon3 - Mon4  + Mon - Mon SEM Level Mon Level*Mon 
Initial BW, kg. 299 301  300 299 3.2  0.80 0.99 0.67 
Ending BW, kg.     373    379      435     422 5.3 <0.01 0.52 0.08 
DMI, kg/d       8.9      8.9        10.3       9.9     0.34 <0.01 0.53 0.59 
ADG, kg.   0.88d        0.93c      1.61a     1.47b     0.04 <0.01 0.33 0.02 
G:F       0.099c        0.107b    0.157a  0.148a     0.004 <0.01 0.96 0.04 
1 MDGS = modified distillers grains plus solubles. 
2 Level= main effect of MDGS inclusion, Mon= main effect of presence of Monensin, Level*Mon= effect of interaction between 
level and Monensin. 
3 + Mon = Diets containing monensin, formulated to provide 200 mg/steer daily. 
4 – Mon = Diets containing no monensin. 
a,b,c,d Means in a row with different superscripts are different (P < 0.05). 
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Table 6. Effects of forage quality and monensin on methane emissions and VFA profile in diets containing 40% modified 
distillers grains plus solubles (Exp. 1). 
 HQ forage1  LQ forage2  P-value3 
Item + Mon4 - Mon5  + Mon - Mon SEM Forage Mon Forage*Mon 
CH4:CO2       0.101
a 
      
0.101a        0.083b       0.101a   0.003 <0.01 <0.01 <0.01 
CH4, L/d
6     345a   345a      166c     213b   10 <0.01 0.03 0.03 
CH4, L/kg DMI
6 33.6a 34.8a  26.6b      32.5a 1.1 <0.01 <0.01 0.04 
CH4, L/kg ADG
6     215    237       221    267    16 0.26 0.03 0.43 
CO2, L/d6   3447  3405     1997  2116    88 <0.01 0.66 0.37 
Acetate, mol % 66.9 67.3  70.8 70.8 0.6 <0.01 0.73 0.69 
Propionate mol % 17.7 17.1  17.8 17.9 0.3   0.20 0.51 0.24 
Butyrate, mol %     8.6     9.7     5.8     6.6 0.2 <0.01 <0.01 0.54 
Acetate:Propionate     3.81     3.97  4.01      3.96   0.09 0.30 0.54 0.24 
1 HQ forage = 60:40 blend of alfalfa hay and sorghum silage. 
2 LQ forage = ground corn stalks. 
3 Forage= main effect of forage quality, Mon= main effect of presence of Monensin, Forage*Mon= effect of interaction between 
forage quality and Monensin 
4 + Mon = Diets containing monensin, formulated to provide 200 mg/steer daily. 
5 – Mon = Diets containing no monensin. 
6 Calculated values based on the equation of Madsen et al. (2010). 
a,b,c Means in a row with different superscripts are different (P < 0.05). 
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Table 7. Effects of MDGS1 level and monensin on methane emissions and VFA profile in high quality forage diets (Exp 1.). 
 0 MDGS  40 MDGS  P-value2 
Item + Mon3 - Mon4  + Mon - Mon SEM MDGS Mon MDGS*Mon 
CH4:CO2       0.101       0.104        0.101       0.101   0.002   0.52 0.54 0.79 
CH4, L/d
5     224     223       345      345     12 <0.01 0.95 0.99 
CH4, L/kg DMI
5      25.3      25.0  33.6 34.8 0.7 <0.01 0.49 0.34 
CH4, L/kg ADG
5    256    238       215      237     10 0.05 0.86 0.06 
CO2, L/d
5   2210   2153     3447    3405   113 <0.01 0.66 0.95 
Acetate, mol % 71.3 72.8  66.8 67.2 0.5 <0.01 0.04 0.23 
Propionate, mol % 15.2 14.5  17.7 17.0 0.4 <0.01 0.11 0.98 
Butyrate, mol %     8.4b      7.9b       8.7b     9.7a 0.3 <0.01 0.33 <0.01 
Acetate:Propionate   4.78    5.05      3.81    3.99  0.12 <0.01 0.06 0.70 
1 MDGS = modified distillers grains plus solubles. 
2 MDGS= main effect of MDGS inclusion level, Mon= main effect of presence of Monensin, MDGS*Mon= effect of interaction 
between level of MDGS and Monensin 
3 + Mon = Diets containing monensin, formulated to provide 200 mg/steer daily. 
4 – Mon = Diets containing no monensin. 
5 Calculated values based on the equation of Madsen et al. (2010). 
a,b Means in a row with different superscripts are different (P < 0.05). 
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Table 8. Intake and digestibility of growing diets containing high or low 
quality forage (Exp. 2). 
 Treatment1 
  
Item HQ LQ SEM P-value 
DM     
   Intake, kg/d 9.8 6.6 0.26 <0.01 
   Digested, kg/d 6.2 4.0 0.20 < 0.01 
   Excretion, kg/d 3.5 2.5 0.13 <0.01 
   Digestibility, % 63.7 61.5 1.15 0.08 
OM     
   Intake, kg/d 8.9 6.1 0.23 <0.01 
   Digested, kg/d 5.9 4.0 0.16 < 0.01 
   Excretion, kg/d 3.0 2.0 0.11 <0.01 
   Digestibility, % 66.0 66.7 1.07 0.59 
NDF     
   Intake, kg/d 4.8 4.4 1.15 0.06 
   Digested, kg/d 2.6 2.8 0.09 0.19 
   Excretion, kg/d 2.2 1.6 0.10 <0.01 
   Digestibility, % 54.6 64.2 1.27 <0.01 
ADF     
   Intake, kg/d 3.5 3.1 0.10 0.01 
   Digested, kg/d 1.7 1.8 0.05 0.46 
   Excretion, kg/d 1.8 1.3 0.08 <0.01 
   Digestibility, % 49.5 58.7 1.49 <0.01 
1 HQ = diet containing 60:40 blend of alfalfa hay and sorghum silage; LQ = diet 
containing ground corn stalks. 
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Table 9. Methane emissions and VFA profile of steers fed diets containing high 
or low quality forage (DM basis; Exp. 2). 
 Treatment1 
  
Item HQ LQ SEM P-value 
Emissions     
   CH4:CO2             0.090               0.082 0.002 0.03 
   CH4, L/d
         210           132 6.6 <0.01 
   CH4, L/kg OM digested 35.6 32.8 1.31 0.14 
   CO2, L/d      2404         1654 76.4 <0.01 
VFA profile    
   Acetate, mol % 66.3 67.6 1.02 0.22 
   Propionate mol % 19.5 19.8 0.95 0.82 
   Butyrate, mol % 10.1 8.8 0.61 0.05 
   Acetate:Propionate 3.4 3.5 0.22 0.94 
1 HQ = diet containing 60:40 blend of alfalfa hay and sorghum silage; LQ = diet 
containing ground corn stalks. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
98 
 
 
Table 10. Comparison of emissions data obtained through methods described 
in Exp. 1 or by calorimetry in Exp. 2.1 
 Method   
Item Calan2 Headbox3 SE P-value 
CH4:CO2     
   HQ4 0.101* 0.090 0.006 0.10-0.14* 
   LQ5  0.086 0.082 0.005 0.52 
CH4, L/d     
   HQ 224-345* 210 13 <0.01-0.36* 
   LQ 129 132 9 0.76 
CO2, L/d     
   HQ 2210-3446 2404 146 <0.01-0.33* 
   LQ 1507 1654 103 0.22 
DMI, kg     
   HQ 8.9-10.2* 9.7 0.8 0.12-0.18* 
   LQ 5.3 6.6 0.3 <0.01 
1 Statistical comparison made using PROC T-test in SAS (SAS Inst. Cary, N.C.) 
2 Values obtained in Exp. 1, calculated with equation of Madsen et al. (2010). 
3 Values obtained in Exp. 2, through indirect calorimetry. 
4 HQ = diets containing a 60:40 blend of alfalfa hay and sorghum silage. 
5 LQ = diets containing ground corn stalks.  
* A range is shown for values obtained in Exp. 1 because an exact diet comparison 
is not available.  High-quality forage diets in Calan gate barn contained 0 or 40% 
modified distillers grains plus solubles; those in Exp. 2 contained 20%.        
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Table 11. Performance and emissions of growing steers consuming various forages (Exp. 3). 
 
Treatment1   
Item Stalks SorSil Husk EnsHusk SEM P-value 
Performance       
  Initial BW, kg   308   309   310   314 2.5    0.47 
  Ending BW, kg   380d   441a   398c   416b 5.1 < 0.01 
  DMI, kg 6.3c 9.6a 6.4c 7.7b   0.28 < 0.01 
  ADG, kg  0.80c  1.48a  1.00b  1.15b   0.05 < 0.01 
  G:F   0.128b   0.156a   0.157a   0.149a    0.004 < 0.01 
Emissions       
  CH4:CO2     0.077
c      0.091a      0.085bc      0.087ab    0.002 < 0.01 
  CH4, L/d
2   81c  210a  129b  148b      7.2 < 0.01 
  CH4, L/kg DMI
2     2.6c      4.5a      4.2b     3.9b  0.61 < 0.01 
  CH4, L/kg ADG
2 104b  141a  131a 130a      5.3 < 0.01 
  CO2, L/d
2 1039c 2300a 1543b 1696b    63.9 < 0.01 
1 Stalks = ground corn stalks; SorSil = sorghum silage; Husk = corn residue baled at grain 
harvest (husklage); EnsHusk = ensiled husklage. 
2 Calculated values based on the equation of Madsen et al. (2010). 
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Table 12. Effect of constant presence or absence or rotational inclusion of 
monensin on performance and emissions of growing steers consuming ensiled 
husklage (Exp. 3). 
 
Monensin strategy1   
Item + - +/- SEM P-value 
Performance      
  Initial BW, kg   314   309   309 2.0    0.22 
  Ending BW, kg   416   399   396 5.2    0.04 
  DMI, kg 7.7 6.8 7.0   0.31    0.14 
  ADG, kg   1.15   1.01   0.98   0.06    0.12 
  G:F     0.149     0.148     0.140    0.004    0.30 
Emissions      
  CH4:CO2       0.087       0.090       0.087     0.002    0.41 
  CH4, L/d
2   148a   136a   121b 4.4 < 0.01 
  CH4, L/kg DMI
2       3.9a       4.1a       3.5b   0.06 < 0.01 
  CH4, L/kg ADG
2   130ab   137a   125b  4.0 < 0.01 
  CO2, L/d
2 1696a 1504b 1396b     59.1 < 0.01 
1 Monensin strategy: + = 200 mg/steer daily throughout trial; - = no monensin fed;  
+/- = steers were fed 200 or 0 mg/steer daily, rotating in 3-week intervals. 
2 Calculated values based on the equation of Madsen et al. (2010). 
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Figure 1. Change in CH4:CO2 over 84 d growing period due to forage type and monensin 
inclusion1 in diets containing 40% modified distillers grain plus solubles in Exp. 12 
 
1 HQ - = alfalfa hay, sorghum silage blend with no monensin; HQ + = alfalfa hay, 
sorghum silage blend with 200 mg/steer daily monensin; LQ - = ground cornstalks with 
no monensin; LQ + = ground corn stalks with 200 mg/steer daily monensin. 
2 SE = 0.006; diet × period (P = 0.89); period (P < 0.01); diet (P < 0.01).   
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Figure 2. Change in CH4:CO2 over 84 d growing period due to modified distillers grains 
plus solubles inclusion and monensin inclusion1 in high-quality forage diets in Exp 12.  
 
1 0 MDGS - = 0% modified distillers grains plus solubles (MDGS) with no monensin; 0 
MDGS + = 0% MDGS with 200 mg/steer daily monensin; 40 MDGS - = 40% MDGS 
with no monensin; 40 MDGS + = 40% MDGS with 200 mg/steer daily monensin. 
2 SE = 0.005; diet × period (P = 0.86); period (P < 0.01); diet (P = 0.68).   
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Figure 3. Diurnal variation in CH4:CO2 over 23 h in the headbox calorimeter for  
steers consuming high or low-quality forage.1 in Exp. 2. 2 
 
1 High-quality forage = a 60:40 blend of alfalfa hay and sorghum silage; Low-quality 
forage = ground corn stalks. 
2 SE = 0.008; forage × hour (P = 0.94); hour (P < 0.01); forage (P = 0.23). 
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Figure 4. Change in CH4:CO2 over the 84 d growing period due to forage type
1 in Exp. 
3.2 
 
1 Forage type: Stalks = ground corn stalks, Husk = husklage- corn residue baled to alter 
plant part composition, SorSil = sorghum silage, EnsHusk = husklage with water added 
to achieve 35% DM and stored > 30 d. 
2 SE = 0.004; forage × period (P <0.01); period (P < 0.01); forage (P < 0.01).  Treatment 
differences exist at weeks 2, 4, 6, and 8 (P < 0.05). 
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Figure 5. Change in CH4:CO2 over the 84 d growing period due to monensin 
supplementation strategy1 in Exp. 3.2 
 
1 Monensin strategy: EnsHusk + = received 200 mg/steer daily monensin throughout 
study; EnsHusk - = received no monensin; EnsHusk +/- = received either 0 or 200 
mg/steer daily monensin on a 3-week rotational basis. 
2 SE = 0.003; forage × period (P = 0.13); period (P < 0.01); forage (P = 0.48).  
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ABSTRACT 
 Three experiments were conducted to evaluate the effects of dietary fat, 
monensin, and nitrate and sulfate supplementation on performance and methane 
production in finishing steers. In Exp.1, 60 steers (414 ± 16 kg) were individually fed 1 
of 6 treatments to compare sources of dietary fat: a corn-based control with no added fat 
(CON), a diet with 50% modified distillers grains plus solubles (MDGS), and two corn-
based diets with either 3% corn oil (OIL) or 3% tallow (TAL), all providing 375 mg 
monensin/steer daily.  Two additional diets were added to create a 2×2 factorial that 
consisted of either 0 or 50% MDGS and 0 or 375 mg/steer daily monensin.  Added fat 
diets were formulated to provide 6.5% total dietary fat.  Source of dietary fat had no 
impact on performance or carcass characteristics (P > 0.19).  No diet × monensin 
interaction or main effects of MDGS or monensin inclusion were observed for 
performance and carcass characteristics (P > 0.11). Steers consuming CON and TAL 
diets had the lowest (P = 0.07) CH4:CO2, and animals fed MDGS had the greatest with 
animals fed OIL being intermediate. Steers consuming diets containing MDGS had 
greater CH4:CO2 (P = 0.03) and tended to have increased L CH4/kg DMI (P = 0.10) than 
those consuming no MDGS.  Inclusion of monensin had no effect on CH4 production (P 
> 0.56). In Exp. 2, 6 steers (542 ± 19 kg) were used in a 3-period switchback design, 
calorimetry study to evaluate CH4 production from finishing cattle consuming CON or 
MDGS.  Finishing diet had no impact on DMI, CH4:CO2, or production of CH4 or CO2 (P 
> 0.26).  Digestibility of DM and OM tended to greater (P = 0.10 and P = 0.11) for CON 
compared to MDGS diet.  No diet × time interaction (P = 0.63) or effect of diet (P = 
0.73) were observed for diurnal variation in CH4:CO2.  In Exp. 3, 60 individually fed 
108 
 
 
 
crossbred steers (initial BW = 416 ± 36 kg) were fed treatments in a 2 × 2 factorial with 
factors being the inclusion of 0 or 2.0% dietary nitrate (NO3
-) and 0 or 0.54% dietary 
sulfate (SO4
-2, DM basis).  Inclusion of NO3
- and SO4
-2 both decreased DMI (P < 0.01) 
and SO4
-2 tended to decrease ADG (P = 0.07). A tendency for a NO3
- × SO4
-2 interaction 
was observed for G:F (P = 0.09).  In diets with no SO4
-2, the addition of NO3
- had no 
impact on efficiency, but in diets containing both SO4
-2 and NO3
-, G:F improved.  A 
tendency for NO3
- × SO4
-2 interaction was also observed for L CH4/kg DMI, in which 
addition of SO2-4 alone had no effect, but NO3
- and SO4
-2 together decreased CH4 
production per unit of DMI.  Methane output is affected by diet type and may be affected 
by ingredients included in the diet. 
Key words: cattle, fat, methane, monensin, nitrate, sulfate  
 
INTRODUCTION 
    Loss of energy as CH4 by ruminants can be as high as 12% of GE intake, but in 
feedlot cattle fed high-concentrate diets, this value is closer to 2-5% (Johnson and 
Johnson, 1995).  Although a smaller proportion of energy intake is lost as CH4 in 
finishing diets compared to forage-based diets, with the large number of animals in 
feedlots and their greater intake, the total impact on CH4 emissions can be large.  Dietary 
strategies to mitigate CH4 production have been widely studied (Hristov et al., 2013), but 
there remains limited data available related to interventions applicable to the feedlot 
sector in the U.S. utilizing highly energy-dense diets.  Potential dietary mitigation 
strategies must utilize feed ingredients readily available to feedlot operators, and should 
improve or at the least, maintain animal performance. 
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 Dietary mitigation strategies that have shown promise include: changing the type 
of fermentable carbohydrate in the rumen (fiber vs. concentrates/starch), introduction of 
an alternate H+ sink in the rumen to compete with methanogenesis, and inhibition of 
hydrogen producers in the rumen by dietary inclusion of lipids or ionophores (Troy et al. 
2015).  There is some evidence that the impact of these strategies on CH4 production can 
depend on the basal diet characteristics.  Of particular interest is the use of ethanol by-
product feeds and the CH4-reducing effects of fat in such feeds.  However, CH4-
promoting effects of increasing digestible fiber may also be of consequence when 
distillers grains are included in finishing diets.  Hales et al. (2012) observed no impact on 
CH4 production by 30% wet distillers grains plus solubles compared with 0% when diets 
were balanced for fat content.  However, when dietary fat was allowed to vary, Hales et 
al (2013) observed a linear increase in CH4 loss as a percent of digestible energy, 
suggesting that replacing starch from corn with fat plus fiber from distillers grains 
increases CH4 production.  Fat sources that vary in saturation, and thus provide varying 
H+ sink-capacity to divert H+ away from CH4, have also been investigated.  Inhibition of 
CH4 production when either saturated fat (Fiorentini et al., 2014) or unsaturated fat 
(Martin et al., 2008) was supplied suggests that CH4 can be inhibited by fat through either 
diversion of H+ supply or direct inhibition of H+ producers in the rumen (Hristov et al., 
2013).  Similar principles apply to other mitigation strategies of interest: the inclusion of 
monensin as an inhibitor of H+ producers (Ellie et al., 2012) and the use of nitrate and 
sulfates as more energetically-favorable alternative H+ sinks compared to 
methanogenesis (VanZijderveld et al., 2011).  Although production of CH4 is accounted 
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as an energetic loss, disposal of H+ from the rumen is essential for regeneration of NAD 
from NADH, thus the presence of some form of H+ sink is an energetic benefit.   
 The objectives of the following experiments were to evaluate the effect of dietary 
fat source, by-product inclusion, presence or absence of monensin, and addition of nitrate 
and sulfate on methane production by feedlot cattle consuming high-grain finishing diets.  
An additional objective was to develop and validate a system for measuring emissions 
from a large number of animals in a production setting so that performance data could be 
collected simultaneously to evaluate and develop interventions to reduce CH4 production 
while maintaining animal performance.   
 
MATERIALS AND METHODS 
 All animal care and management practices were approved by the University of 
Nebraska-Lincoln Institutional Animal Care and Use Committee. 
 
Experiment 1 
 A 125-d finishing study was conducted using 60 crossbred steers (initial BW = 
414 kg, SD = 16 kg) individually fed using a Calan gate system (American Calan Inc. 
Northwood, NJ).  Cattle were limit-fed a diet of 47.5% sweet bran, 47.5% alfalfa hay, 
and 5% supplement at 2.0% of projected BW for 5 d prior to trial initiation to equalize-
gut fill (Watson et al., 2012).  Steers were then weighed on 3 consecutive d for initial BW 
determination (Stock et al., 1983).  Steers were stratified by initial BW from d -1 and d 0, 
and assigned randomly to one of six treatments (Table 1), with 10 steers per treatment.  A 
completely randomized design of four diets were used to compare sources of dietary fat: 
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a corn-based control with no added fat (CON), a diet with 50% modified distillers grains 
plus solubles (MDGS), and two corn-based diets with either 3% corn oil (OIL) or 3% 
tallow (TAL), all containing 375 mg monensin/steer daily (Rumensin, Elanco Animal 
Health, Greenfield, IN).  Two additional diets were added and combined with CON and 
MDGS to create a 2×2 factorial that consisted of either 0 or 50% MDGS and 0 or 375 
mg/steer daily monensin.  The MDGS, OIL, and TAL diets were formulated to provide 
6.5% total dietary fat.  All diets contained 5% supplement which was formulated to 
provide 90 mg tylosin/steer daily (Tylan, Elanco Animal Health).  Dietary TDN values 
used for CH4 production estimates were calculated for each diet (Table 1) from NRC 
(2000) values; by-product values were based on previous work in our lab (Ahern et al., 
2011).      
 Feed was mixed daily in a feed truck (Roto-Mix, Dodge City, KS) and then 
weighed and fed by hand once daily.  Feed bunks were assessed at approximately 0600 h 
and managed to allow for trace amounts of feed to remain at time of feeding.  Refused 
feed was weighed back weekly and as needed, subsampled, and dried for 48 h in a 60°C 
forced-air oven for determination of DM refused (AOAC, 1999 method 4.1.03).  Feed 
ingredients were sampled weekly and analyzed in the same manner for DM, with as-fed 
ingredient proportions adjusted weekly. 
 Steers were implanted with 120 mg trenbolone acetate, 24 mg estradiol (Revalor-
S; Merck Animal Health, DeSoto, KS) on d 1.  One mortality occurred on the MDGS 
with no monensin treatment due to (hardware disease or rumenitis).  On d 125, cattle 
were individually weighed and transported to a commercial abattoir (Greater Omaha 
Packing, Omaha, NE) to be harvested.  Individual live BW were shrunk 4% and used to 
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calculate dressing percentage.  Steer identification or slaughter order and HCW were 
recorded on day of slaughter.  Following a 48-h chill, 12th-rib fat thickness, LM area, and 
USDA marbling score were recorded. Carcass adjusted final BW, ADG, and G:F were 
calculated using HCW and a common 63% dressing percentage. Yield grade (YG) was 
calculated according to Boggs and Merkel (1993) using carcass measurements, and an 
assumed 2.5% KPH, and the following formula: YG = 2.50 + (0.0017 × HCW, kg) + (0.2 
× KPH, %) + (6.35 × 12th-rib fat, cm) − (2.06 × LM area, cm2). 
 To facilitate the collection of respired air by the cattle to be analyzed for methane 
and carbon dioxide, the individual Calan gate bunks were partially enclosed and outfitted 
with a small air pump (Aqua Lifter AW-20, Tom Aquarium Products, Fenton, MO) that 
was used to gradually fill a gas collection bag over approximately ten minutes.  Gas 
collection was conducted at time of feeding and gas sample bags were filled with a 
mixture of ambient air and respired breath at a constant rate (approximately 1 L/min.).  
Gas samples were collected only while steers were in their bunks as pumps were turned 
on by a switch when Calan gates were open.  The collected gas consisted of a mixture of 
respired gasses and ambient air and analyzed within 24 hours for concentration of 
methane (CH4) and carbon dioxide (CO2) using a gas chromatograph (model 8610, SRI 
Instruments, Torrance, CA) that utilized a flame ionization detector and a methanizer (to 
convert CO2 to CH4 for quantification).  The gas chromatograph was calibrated at trial 
initiation and checked before every sampling period using commercially prepared gas 
standards (Airgas Inc., Lincoln, NE).  The resulting CH4 and CO2 concentrations were 
then expressed as a ratio of methane to carbon dioxide (CH4:CO2) and used as an input in 
the equation developed by Madsen et al. (2010), described below.  Gas samples were 
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collected from each steer 16 times, approximately every week throughout the feeding 
period.   
 Prior to feeding on d 55, cattle were esophageally tubed using a suction-strainer 
technique to obtain 45 mL of rumen fluid for VFA profile analysis, prepared according to 
Erwin et al. (1961) and analyzed using a gas chromatograph (Trace 1300, Thermo Fisher 
Scientific, Waltham, MA).  Another portion of rumen fluid was flash frozen in liquid N 
and stored at -80º C for rumen microbial community analysis (data not shown). 
  
Methane Emission Calculations 
 The equation developed by Madsen et al. (2010) provides a way to scale-up 
CH4:CO2 measured in short-term breath samples to an estimate of daily CH4 production.  
The concept is based on the use of CO2 as an internal marker.  Daily carbon dioxide 
production is assumed to be closely related to heat production, which is calculated as 
intake of ME minus energy in the animal products (in our application, ADG).  Energy left 
over is considered to be lost as heat, heat is a proxy for CO2, and if CH4:CO2 is known, 
daily CH4 production can be calculated.  Metabolizable energy intake is calculated using 
observed animal DMI and TDN of the diet.  In the current experiment, observed 
CH4:CO2 was averaged across all sampling time points throughout the feeding period and 
inserted, along with calculated diet TDN and observed individual animal DMI and ADG, 
into the above equation.  The resulting CH4 production value was then expressed as L/d, 
L/kg of DMI, or L/kg ADG. 
 The experimental design was a randomized block design with 2 blocks (blocked 
by section of Calan bunks so an entire block could be gas sampled at once). Performance, 
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carcass characteristics, VFA profile, and emissions data were analyzed with the MIXED 
procedure of SAS (SAS Institute Inc., Cary, N.C.) using preplanned contrasts (to 
compare fat sources to each other) and steer as the experimental unit.  Data were 
analyzed as a randomized block design with the model including the effect of fat source 
(CON, MDGS, OIL, or TAL) and block.  The 2 × 2 factorial was analyzed in a separate 
model including the main effects of basal diet (CON or MDGS) and monensin as well as 
the diet × monensin interaction.  Change in CH4:CO2 throughout the finishing period was 
analyzed as a repeated measure with the repeated variable being sampling time point 
(approximately once per week) and steer being the subject.  A heterogeneous compound 
symmetry covariance structure was used.  An α-level of P ≤ 0.05 was considered 
significant and P ≤ 0.10 was considered a statistical trend. 
 
Experiment 2 
 Six crossbred steers (initial BW 542 kg; SD = 19 kg) were used in a 3-period 
switchback design.  A calorimetry study was conducted to evaluate CH4 production by 
finishing cattle consuming a corn (CON) or by-product based (modified distillers grains 
plus solubles, MDGS) diet.  Steers were blocked by similar BW and assigned randomly 
within block to one of two treatments for three, 21-d periods with two consecutive, 23-h 
periods in the headbox calorimeter.  Two treatments (Table 2) were designed to be 
similar to Exp. 1: corn-based control diet (CON) or a by-product based diet consisting of 
50% MDGS with both diets containing 12% corn silage, 5% supplement, and the 
remainder dry-rolled corn.  Urea was included in the CON diet at 1.36% and both 
treatments were formulated to provide 390 mg/steer daily monensin (Rumensin, Elanco 
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Animal Health) and 90 mg/steer daily tylosin (Tylan, Elanco Animal Health).  Diets were 
mixed approximately 2 times per week in a stationary ribbon mixer (model S-5 mixer, H. 
C. Davis Inc., Bonner Springs, KS) and fed ad libitum once daily at 0800.  Feed refusals 
were weighed back daily and on d 10-14, weighed, subsampled, and dried at 60°C for 
DM determination.    
 Each 21-d period consisted of: adaptation d 1-9, fecal grab sampling 3 times/d on 
d 10-14, and calorimetry measurements on d 20 and 21.  Titanium dioxide (TiO2) was 
delivered to steers by top-dressing feed with 100 mL of a suspension of 3 kg TiO2 in 34.1 
kg condensed distillers solubles.  This provided 10 g/steer daily TiO2 to be utilized as a 
marker for total tract digestibility.  Fecal samples were composited by d (wet weight 
basis), lypholyzed (Virtis Freezemobile 25ES, Life Scientific, Inc., St. Louis, MO), and 
ground through a 1-mm screen (No. 4, Thomas Scientific, Swedesboro, NJ), before 
analysis for DM in a 100°C forced-air oven, and OM by ashing in a 600°C muffle 
furnace for 6 h (AOAC, 1999; method 4.1.10).  Feed ingredients and refusals were 
composited and analyzed for DM and OM in a similar manner.  Dried and ground feces 
were analyzed for TiO2 concentration as described by Meyers et al. (2004).     
 Methane emissions were measured through indirect calorimetry using headboxes 
constructed at the University of Nebraska-Lincoln with the guidance of the U. S. Meat 
Animal Research Center (Clay Center, NE).  Steers were trained and acclimated to the 
headboxes before the initiation of the study.  Two headboxes were available, so the start 
date of the trial for each pair of steers was offset by one week.  Collections consisted of 
two consecutive, 23-h periods on d 20 and 21 of each period, and were conducted similar 
to the procedure described by Foth et al. (2015).  Feed offered continued to be 
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determined and adjusted throughout all collections, with the goal of ad libitum access to 
feed and water.  Steers and feed were placed in the headboxes at approximately 0800 and 
the doors were closed and vacuum motor (Model 115923, Ametek Lamb Electric, Kent, 
OH) turned on for 15 minutes before collections commenced to allow for air 
equilibration.  Total gas flow through the system was measured using a gas meter (Model 
AL425, American Meter, Horsham, PA) and a constant, proportional sample of inlet and 
exhaust air was regulated using flowmeters (Model 1350E Sho-Rate 50, Brooks 
Instruments, Hatfield, PA).  These gas samples were collected in foil bags and analyzed 
for CH4 and CO2 using a gas chromatograph as described in Exp. 1.  Temperature and 
relative humidity inside each box were measured every minute using a probe (Model 
TRH-100, Pace Scientific Inc., Mooresville, NC) and data logger (Model XR440, Pace 
Scientific) and used in the calculation of gas production.  Steers were removed from 
headboxes for one hour between the two collection days to rest in their home pens 
(climate controlled, rubber-matted, slatted-floor individual pens) and allow for cleaning 
and removal of refused feed. 
 During the first of the 2 d of headbox measurements each period, the gas 
chromatograph was used to measure diurnal variation in CH4 and CO2 concentration for 
one steer in each pair each period.  Gas samples were collected automatically by the gas 
chromatograph every 10 minutes for 23 h and analyzed for CH4 and CO2 concentration.  
This data was used to calculate CH4:CO2, which was analyzed for change over time. 
 Emissions and digestibility data were analyzed using the MIXED procedure of 
SAS (SAS Inst., Cary, NC) with period and treatment as fixed effects and steer as the 
random effect.  The effect of diurnal variation as change in CH4:CO2 over time was 
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analyzed as a repeated measure with a compound symmetry covariance structure.  The 
model included the fixed effects of diet, time, and the diet × time interaction, with time as 
the repeated variable and steer within period as the subject.  An α-level of P ≤ 0.10 was 
considered significant.    
Method Comparison    
 Agreement in results across the two methods: CH4:CO2 plus Madsen calculation 
compared to headbox calorimetry, was evaluated (Table 11) using PROC t-test of SAS 
(SAS Inst. Inc., Cary, NC).  Two common treatments that were utilized in Exp. 1 and 
Exp. 2 (corn-based control or 50% MDGS diet) were chosen.  Dry matter intake, CH4 and 
CO2 production (L/d), and CH4:CO2 were the variables compared.  Agreement was 
determined using the P-value generated by the Cochran approximation, which adjusts for 
unequal variances in the distribution of each sample method.  Values obtained through 
the two methods were considered to differ when P > 0.10.   
 
Experiment 3 
 A 131-day finishing study was conducted using 60 crossbred steers (initial BW = 
416 kg; SD = 36 kg) that were individually fed using the Calan gate system (American 
Calan Inc.).  Cattle were limit-fed and weighed onto study using the same procedure as 
Exp. 1.  Steers were stratified by initial BW from d -1 and d 0, and assigned randomly to 
one of four treatments (Table 3), with 15 steers per treatment in a randomized block 
design.  Treatments were applied using a 2 × 2 factorial treatment structure.  Factors were 
the inclusion of 0 or 2.0% dietary nitrate provided as 2.65% calcium nitrate  (Calcinit, 
YaraLiva, Oslo, Norway) and 0 or 0.54% dietary sulfate provided as 0.77% calcium 
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sulfate (DM basis).  All diets contained 5% supplement which was formulated to provide 
360 mg monensin/steer daily (Rumensin, Elanco Animal Health) and 90 mg tylosin/steer 
daily (Tylan, Elanco Animal Health).  Dietary TDN values used for CH4 production 
estimates were calculated for each diet (Table 3) from NRC (2000) values.   
 Feed was mixed and delivered in a vertical-mix feed truck (Model A100TM, 
Jaylor International, Ontario Canada) once daily.  Bunks were managed and ingredients 
and feed refusals were managed in the same manner as Exp. 1. Steers were implanted 
with 200 mg trenbolone acetate and 20 mg estradiol (Revalor-200; Merck Animal Health) 
on d 1.  One mortality occurred due to nitrate toxicity, confirmed by necropsy.  On d 131, 
cattle were transported to a commercial abattoir (Greater Omaha Packing, Omaha, NE) to 
be harvested.  All carcass data were collected as described in Exp. 1.  Methane and CO2 
were collected and analyzed and emissions values were calculated as described in Exp. 1.  
Gas samples were collected from each steer 9 times, every 14 d throughout the feeding 
period.  Prior to feeding on d 60, cattle were esophageally tubed to obtain 45 mL of 
rumen fluid for VFA profile analysis similar to Exp. 1. 
 This experiment was structured as a randomized block design with 2 blocks (by 
location of Calan bunks).  Performance, carcass characteristics, VFA profile, and 
emissions data were analyzed with the MIXED procedure of SAS (SAS Institute Inc., 
Cary, N.C.) with steer as the experimental unit. Treatments were analyzed as a 2 × 2 
factorial with the model including the main effects of nitrate and sulfate as well as the 
nitrate × sulfate interaction.  Change in CH4:CO2 throughout the finishing period was 
analyzed as a repeated measure with the repeated variable being sampling time point and 
steer being the subject.  The model included the diet × time interaction and the main 
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effects of diet and sampling time point.  A heterogeneous compound symmetry 
covariance structure was used.  An α-level of P ≤ 0.05 was considered significant and P ≤ 
0.10 was considered a statistical trend. 
 
RESULTS  
Experiment 1 
Performance and ruminal VFA profile 
 Source of dietary fat had no impact on performance or carcass characteristics (P > 
0.19, Table 4).  No diet × monensin interactions observed orno main effects of MDGS or 
monensin inclusion on performance and carcass characteristics (P > 0.11, Table 5) were 
observed.  No changes in VFA profile were observed due to fat source (P > 0.42, Table 
6) or inclusion of MDGS or monensin (P > 0.12, Table 7).  
Emissions 
 Source of dietary fat tended to impact CH4:CO2 (P = 0.07, Table 6).  Steers 
consuming CON and TAL diets had the lowest CH4:CO2, whereas steers fed MDGS had 
the greatest, and steers fed OIL were intermediate (P < 0.05).  No other measure of CH4 
emissions was affected by fat source.  A tendency for a diet × monensin interaction was 
observed (P = 0.08, Table 7) for L CH4/kg ADG.  In diets containing monensin, 50% 
MDGS increased CH4 production per kg of gain but MDGS had no impact in diets 
without monensin. Steers consuming diets containing MDGS had greater CH4:CO2 (P = 
0.03) and tended to have increased L CH4/kg DMI (P = 0.10) than those consuming no 
MDGS.  Inclusion of monensin had no effect on CH4 production (P > 0.56).   
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 A time × fat source interaction was observed for the change in CH4:CO2 
throughout the feeding period (P = 0.02, Figure 1).  Treatment differences existed at 
weeks 3, 4, 11, and 13, at each of which, cattle fed MDGS had the greatest CH4:CO2 (P > 
0.05).  A similar pattern was observed in the time × diet interaction in diet type and 
monensin for CH4:CO2 throughout the feeding period (P = 0.06, Figure 2).  At weeks 3, 
11, and 13 steers consuming MDGS with monensin had the greatest CH4:CO2 (P > 0.05).   
 
Experiment 2 
Digestibility 
 Basal diet type had no effect on DM or OM intake (P = 0.57 and P = 0.27, 
respectively; Table 8) or on amount of DM or OM excreted (P = 0.21 and P = 0.32, 
respectively).  However, steers consuming CON compared to MDGS diets tended to have 
greater DM and OM digestibility (P = 0.10 and P = 0.11, respectively).   
Emissions 
 Finishing diet type (corn-based or with 50% MDGS) had no impact on DMI, 
CH4:CO2, or production of CH4 or CO2 (P > 0.26, Table 8).  Additionally, no time × diet 
interaction (P = 0.63, Figure 3) was observed in the diurnal variation in CH4:CO2 
throughout the 23-h collection period.  An effect of time was observed (P < 0.01) as 
CH4:CO2 was greatest at feeding and gradually decreased throughout the day, regardless 
of diet (P = 0.73). 
Method Comparison    
 Data produced through the Calan gate measurement plus equation method was 
compared to that obtained in the calorimetry experiment using a T-test (Table 9).  The 
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two methods showed agreement in CH4:CO2 for steers fed CON (P = 0.17), but not 
MDGS (P < 0.01).  Additionally, similar DMI was observed for steers consuming MDGS 
(P = 0.16) across methods.  However, no other similarities were observed for CH4:CO2, 
daily CH4 production, or daily CO2 production (P < 0.01).     
 
Experiment 3 
Performance and Ruminal VFA profile 
 A tendency for a nitrate × sulfate interaction was observed for G:F (P = 0.09, 
Table 10).  In diets with no sulfate, the addition of nitrate had no impact on G:F, but in 
diets containing both sulfate and nitrate, G:F improved.  Inclusion of nitrate (NO3
-) and 
sulfate (SO4
-2) both decreased DMI (P < 0.01) and nitrate decreased ADG (P < 0.01), 
while sulfate tended to decrease ADG (P = 0.07).  The consequence of the depression in 
DM and ADG due to NO3
-  was observed in carcass traits, as cattle consuming NO3
- had 
decreased final BW and HCW (P = 0.02) and 12th rib fat thickness and marbling score (P 
= 0.03).  Consumption of NO3
-
 resulted in a 10.4% decrease in ADG and those steers 
yielded 4.2% lighter carcasses.  Sulfate had no effect on carcass characteristics (P > 
0.13).  No nitrate × sulfate interactions were observed for VFA profile (P > 0.14; Table 
10).  Additionally, no significant main effects were observed due to NO3
- or SO4
-2 (P > 
0.14).   
Emissions 
 A nitrate × sulfate interaction was observed for CH4:CO2 (P = 0.03, Table 11).  In 
diets with no SO4
-2, addition of NO3
- had no impact on emissions, but NO3
- and SO4
-2 in 
combination decreased CH4:CO2.  A tendency for nitrate × sulfate interaction was also 
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observed for L CH4/kg DMI, in which addition of SO4
-2 in diets with no NO3
- had no 
effect, but NO3
- and SO4
-2 together decreased CH4 production per unit of DMI.  No other 
effects of NO3
- or SO4
-2 on CH4 emissions were observed (P > 0.14).   
 No diet × time interaction was observed for the change in CH4:CO2 due to NO3
- 
and SO4
-2 (P = 0.22, Figure 4).  An effect of time was evident (P < 0.01) as CH4:CO2 
decreased with increasing days on feed, but no differences existed between treatments (P 
= 0.13).  
   
DISCUSSION 
Experiment 1 
Fat source and by-product inclusion 
 Inclusion of supplemental fat in the diet typically improves ADG and G:F, with 
little effect on DMI when fat is included up to approximately 8% dietary fat content 
(Zinn, 1989; Brandt et al., 1990).  The lack of effect due to varying source of fat on 
performance is not surprising, since each of the 3 treatments were formulated to provide 
approximately 6.5% dietary fat.  However, it is unclear why CON was similar to 
supplemental fat treatments in the current experiment.  A greater level of dietary fat 
(close to 8%) may have provided a better opportunity to observe the impact of fat, but the 
fat content of MDGS was limiting, as an unrealistic inclusion of MDGS would have been 
needed to achieve a greater dietary fat concentration.  Klopfenstein et al. (2008) 
conducted a meta-analysis which concluded that a quadratic improvement in ADG and 
linear improvement in G:F are the typical responses to the inclusion of wet distillers 
grains plus solubles (WDGS), up to 50%.  Larsen et al. (1993) observed linear 
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improvements in ADG and G:F when WDGS was included up to 40% of the diet. 
However, Vander Pol et al. (2006) observed similar DMI when steers were fed 0 or 50% 
WDGS, which is in agreement with the current study.  Even so, the lack of improvement 
in G:F with inclusion of MDGS was unexpected.   
 Fiorentini et al. (2014) reported no difference in CH4 production when Nellore 
cattle were fed palm oil, linseed oil, or whole soybeans, but all 3 fat sources decreased 
CH4 compared to a control diet with no supplemental fat.  Conversely, Martin et al. 
(2008) fed dairy cows either crude linseed, extruded linseed, or linseed oil and found that 
inhibition of methanogenesis appeared to increase with the availability of free fatty acids 
in the rumen.  Cows consuming the linseed oil at 8.4% total dietary fat had the greatest 
inhibition of methanogenesis, with a 64% reduction in CH4 production/kg DMI.  McGinn 
et al. (2004) added 5% fat with sunflower oil in a forage-based diet and observed a 21% 
decrease in CH4 as a % of GE intake coupled with a 23% decrease in NDF digestibility.  
Beauchemin and McGinn (2006) saw a similar result when feeding canola oil in a 75% 
silage diet, with a 21% decrease in CH4 as a % of GE intake and a 15% decrease in DM 
digestibility.  These data, when considered with the current study, suggest that a dietary 
fat content greater than 6.5% may be necessary to inhibit CH4, and that fat may have a 
greater CH4 mitigating impact in forage-based rather than high-concentrate diets. 
 In the current experiment, the time × fat source interaction that is apparent when 
change in CH4:CO2 over time is intriguing.  This data displays a more constant pattern in 
CH4:CO2, at least in the first half of the feeing period for cattle fed MDGS compared to 
the other treatments.  Although not directly studied in this experiment, this may be 
explained by a more steady pattern of DMI during the first few weeks on feed, potentially 
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associated with the greater fiber content of MDGS.  This may have provided a degree of 
acidosis protection, keeping DMI greater, and thus CH4:CO2 greater.    
 The lack of impact on ruminal VFA profile due to fat supplementation was 
unexpected.  Inclusion of corn by-products generally increases the proportion of 
propionate produced in the rumen.  Corrigan et al. (2009) reported an increase in the 
molar proportion of propionate and a reduction in acetate:propionate ratio when 40% 
WDGS was substituted for DRC.  Vander Pol et al. (2009) also observed a decrease in 
acetate, an increase in propionate, and a decrease in A:P when including 40% WDGS in a 
corn-based diet.  However, similar to the current study, Schoonmaker et al. (2010) 
observed no differences in VFA profile as WDGS inclusion increased from 0 to 40%.  
The effect of fat source on VFA profile is variable and may be dependent on type of fat 
added.  Bremer et al. (2010) noted that A:P ratio was not affected when oil, condensed 
distillers solubles, tallow, or WDGS were compared to a non-fat control. However, Zinn 
et al. (1989) reported that a vegetable oil-tallow blend increased A:P ratio.  
  Monensin and Monensin × Diet Interaction 
 The lack of effect due to monensin inclusion is surprising.  Monensin has been 
shown to decrease DMI, without affecting ADG, leading to an increase in G:F (Duffield 
et al., 2012).  Monensin and fat appear to have similar effects on rumen fermentation (e.g. 
decreased A:P ratio, reduced DMI).  Clary et al. (1993) reported negative associative 
effects on performance when cattle were fed both monensin and supplemental tallow in a 
corn-based finishing diet.  Ethanol byproducts contain greater amounts of fat than the 
corn that is replaced in finishing diets, and thus diets containing byproducts have greater 
fat concentrations.  Zinn (1989) reported a similar interaction between inclusion of fat 
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and monensin in a corn-based finishing diet.  Calculated methane production increased 
when 4% fat was added to a finishing diet containing monensin, compared to when 4% 
fat was added to diets not containing monensin.  The existence of a fat × monensin 
interaction may help to explain the results observed in the current study.   
 A meta-analysis of the impact of monensin on CH4 emissions (Appuhamy et al., 
2013) reported that 33 mg/kg monensin in the diet (the same inclusion as in the current 
study) will decrease CH4 production by 19 ± 4 g/animal daily.  McGinn et al. (2004) 
reported a tendency for monensin to reduce GE energy loss by 9% in a 75% barley-silage 
diet.  Guan et al. (2006) reported similar reductions in methane emissions in steers fed 
either a low-concentrate or a high-concentrate diet supplemented with monensin.  The 
lack of difference between diets is curious as the effect of monensin on feed efficiency 
differs among diet types (e.g. low-quality forage, high-quality forage, and concentrate-
based diets; Hristov et al., 2013).  Monensin reportedly decreases CH4 production in 
lactating dairy cows (Odongo et al., 2007), but dairy cows consume a greater proportion 
of roughage in the diet and fermentation of roughage produces more CH4 per kg of DM 
than concentrate feeds, which may explain the lack of differences noted in the current 
experiment.  Clearly, more data is needed on the impact of monensin in finishing diets to 
determine if the already reduced supply of H+ in the rumen (when compared to forage 
diets) will preclude us from observing an impact of monensin on CH4 production in 
finishing diets.    
 The analysis of change in CH4:CO2 over the feeding period revealed a time × diet 
interaction, with more variability between treatments occurring at weeks 3, 11, and 13 of 
the experiment.  At each of these points, cattle fed MDGS had the greatest CH4:CO2, 
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potentially influenced by a greater and more constant DMI, as discussed previously.  No 
impact of monensin is apparent in the change in emissions over time, as diets tend to 
group together based on by-product inclusion, regardless of monensin inclusion.    
  The efficacy of monensin has been attributed to an inhibition of acetate-
producing bacteria and an increase in propionate-producing bacteria in the rumen 
(McGuffey et al., 2001), however no differences in A:P were observed in the current 
experiment.  The reasons for a lack of difference are not readily apparent, yet a recent 
review of monensin usage in finishing diets (Duffield et al., 2012) noted a trend for a 
decrease in the effect of monensin on feed efficiency in the last 20 years, suggesting 
changes in diet type may affect the magnitude of response to inclusion of monensin.  In 
the current experiment, the lack of ruminal VFA profile differences observed may be 
more related to timing of rumen fluid collection, which was before feeding and thus, the 
lowest point of the day for fermentative activity in the rumen.   
 
Experiment 2 
 A slight decrease in DM and OM digestibility when WDGS is included in the diet 
is in agreement with Corrigan et al. (2009).  Those authors (Corrigan et al., 2009) 
observed approximately a 4 percentage unit decrease in digestibility for WDGS 
compared to CON, which agrees with the current study.  A reduction in digestibility due 
to feeding MDGS is logical, as highly-digestible starch is being replaced by less-
digestible fiber and a feedstuff with greater ash content.  The lack of intake response was 
unexpected.  However, since DMI is a main determinant of CH4 production (Johnson and 
Johnson, 1995), and there was no effect on DMI observed, it is not surprising that there 
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was no impact on CH4 due to MDGS.  An increase in CH4 production with increasing 
MDGS inclusion in a finishing diet would have been logical.  Replacement of starch with 
digestible fiber is a dietary change known to promote methanogenesis (Hristov et al., 
2013).  However, a study by Hales et al. (2012) found no impact of 0 compared to 30% 
wet distillers grain plus solubles (WDGS) on CH4 production in steam-flaked or dry-
rolled corn-based diets that were balanced for dietary fat.  In contrast, an energy 
metabolism study by the same authors (Hales et al., 2013) observed a linear increase (P = 
0.03) in energy lost as CH4 as WDGS increased from 0 to 45% in a steam-flaked corn 
diet.  Diets in the latter study were not balanced for dietary fat.  Values observed for 
CH4:CO2 are similar in the study by Hales et al. (2013) in steam flaked corn with 30% 
WDGS compared to the current study with dry-rolled corn and 50% MDGS (0.037 and 
0.039, respectively).  However, the current experiment observed much greater values for 
daily CH4 (122 compared to 67 L/d) and CO2 (3133 compared to 2584 L/d) production.  
However this is likely due to the fact that Hales et al. (2013) held DMI equal to 2x 
maintenance, while the current experiment provided ad libitum access.  This difference in 
intake management may be partly the reason for disagreement between the current work 
and many previous studies.  Our aim was to mimic as realistic a DMI as possible, while it 
is common practice in other work to restrict DMI, especially during calorimetry 
measurements to a targeted amount relative to ad libitum or maintenance.  The lack of 
impact of diet on emissions was supported by the diurnal variation data collected.  Both 
the corn and by-product based diets appeared to follow the same trend for gradually 
decreasing CH4:CO2 throughout the day, after feeding.  This suggests that, at least in this 
situation, pattern of intake and digestion and thus gaseous emissions are likely similar, 
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however, this may be an effect of the artificial environment of the headbox.  These data, 
combined with the current study, start to point toward the idea that the effect of switching 
starch for fiber on CH4 production is greater than that of the added fat content when 
distillers grains are added in a finishing diet.  However, further experiments comparing 
starch and fat directly would be necessary to confirm this.         
Method Comparison 
 The lack of agreement in emissions values produced by the two measurement 
methods is not surprising.  In the Calan gate system, differences were detected in 
CH4:CO2 and CH4 and CO2 production between diets with and without 50% MDGS.  
However, no differences due to diet were observed in the headbox experiment. The Calan 
gate measurement plus equation method has a large potential for error, as all the inputs to 
the equation have their own sources of error which then get compounded in the final CH4 
production estimates.  The Calan gate trial in the current experiment produced 
unexpected results due to the lack of observed performance differences between two diets 
that are well documented as producing differing ADG and G:F, as discussed above.  
Compared to the current finishing experiments, more consistent agreement between 
methods was observed in the previous comparison by this group- between high and low-
quality forages in growing diets.  This could be a result of the magnitude change in 
emissions, where the growing treatments displayed greater emissions than that of the 
finishing treatments.  Therefore, there may be more opportunity to impact CH4 
production in forage-based diets, which lose a greater proportion of GE intake as CH4.         
 
Experiment 3 
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 Cattle performance observed in current experiment is similar to the results 
observed by Newbold et al. (2014), when increasing dietary NO3
- from 0 to 2.4% (the 
current study fed 2.0% dietary NO3
-) caused a decrease in DMI but no impact on ADG.  
Sarturi et al. (2013) noted that decreased DMI is one of the first signs of sulfur toxicity, 
but that should not have been an issue in the current study as diets were formulated to 
contain no more than 0.40% total dietary sulfur.  Furthermore, to our knowledge, the only 
previous study which evaluated the interaction between NO3
-
 and SO4 (both fed at 2.6% 
diet DM), the additives had no deleterious effects on DMI or ADG (Van Zijderfeld et al., 
2010); however, this experiment was conducted using sheep fed a silage-based diet.   
 The emissions data do not agree with the dramatic decrease in CH4 production 
seen by Van Zijderfeld et al. (2010) when 2.6% NO3
- and SO4
-2 were fed to sheep 
consuming a forage-based diet.  In that study, NO3
- and SO4
-2 decreased CH4 production 
by 32 and 16%, respectively, and by 47% in combination compared to the control.  
Several authors have demonstrated the CH4 mitigating impact of NO3
-.  Van Zijderfeld et 
al. (2011) evaluated feeding 21 g NO3
-/kg DM to dairy cows in 60:40 mixed 
forage:concentrate diets.  In a 15.9% CP diet fed at 95% of ad libitum to lactating dairy 
cows, NO3
- decreased CH4 by 16% (P < 0.01) whether expressed as L/d or as a function 
of DMI or gross energy intake, which was 59% of calculated potential.  This decrease in 
CH4 was persistent for 89 d but the decrease in CH4 energy loss did not translate to 
improved animal performance or milk production.  When evaluating 22 g/kg NO3
- in a 
12% CP diet to growing steers, Hulshof et al. (2012), observed a tendency for DMI to 
decrease (P = 0.09) and a 27% decrease in g CH4/kg DMI.  Additionally, both rumen 
ammonia (P < 0.05) and A:P (P = 0.06) increased.  The A:P shift observed in this study 
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was suggested to be due to NO3
- reduction steering H+ away from propionate production.  
In contrast, Troy et al. (2015) reported no impact of inclusion of 2.15% dietary NO3
- on 
CH4 production in a high-concentrate finishing diet.  The current experiment observed no 
differences in the pattern of the change in CH4:CO2 over time, which supports the lack of 
difference in emissions seen in the calculated data as well.  However, there is an 
interesting effect of time, as CH4:CO2 decreases as days on feed increase.  This is 
opposite from what was observed in growing studies by our group, where CH4:CO2 
increased over time.  Since DMI presumably increased over time, this is an interesting 
finding, and it would be of interest to know if daily CH4 emissions were following this 
same pattern.  Even if total daily CH4 production was increasing, the fact that CH4:CO2 
decreased over time suggests that the CH4:CO2 produced by finishing cattle as they 
deposit more muscle mass may shift naturally toward CO2 production.  These data do not 
support the idea of the CH4 mitigating effects of the treatments imposed are intensifying 
over time, as the pattern is similar for all diets. These data, combined with the current 
study suggest that the response to NO3
- may be diet-dependent and this may be a more 
promising mitigation strategy in forage-based diets.  The best opportunity for utilizing 
nitrate as an H+ sink mitigation strategy would be in naturally low protein, forage-based 
diets (Hristov et al. 2013).   
 The effect of NO3
- and SO4
-2 on VFA profile is variable in the literature.  In 
forage-fed sheep, Van Zijderfeld et al. (2010) observed no difference in acetate or 
propionate concentration due to either NO3
- or SO4
-2.  In finishing steers, Troy et al. 
(2015) observed an increased A:P ratio with NO3 inclusion compared to control.  These 
131 
 
 
 
data support the conclusion from the emissions data: the impact of NO3
-
 is dependent 
upon the basal diet. 
 Manipulation of fat source, by-product content, and inclusion of nitrate and 
sulfate can impact CH4:CO2; however, these changes do not necessarily translate to 
decreases in daily CH4 production, at least when measured by techniques utilized in these 
experiments.  Presence of monensin had no impact on emissions from finishing cattle, 
unlike the response to monensin observed by this group in growing diets.  Efficacy of 
dietary intervention strategies appears to be highly influenced by basal diet type. 
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Table 1. Composition of finishing diets varying in fat source and monensin content (DM 
basis; Exp. 1). 
 
0 MDGS1 
 
50 MGDS 
 
Corn Oil 
 
Tallow 
Ingredient + Mon2 - Mon3 
 
+ Mon - Mon 
 
+ Mon 
 
+ Mon 
Dry-rolled corn 87 87  37 37  84  84 
MDGS - -  50 50  -  - 
Sorghum silage 8 8  8 8  8  8 
Corn oil - -  - -  3  - 
Tallow - -  - -  -  3 
Supplement4        
 
 
   Fine Ground Corn  1.669 1.686  1.734 1.751  1.669  1.669 
   Urea 1.500 1.500  - -  1.500  1.500 
   Limestone 1.315 1.315  2.750 2.750  1.315  1.315 
   Salt 0.300 0.300  0.300 0.300  0.300  0.300 
   Tallow 0.125      0.125       0.125      0.125  0.125  0.125 
   Trace Mineral5 0.050 0.050  0.050 0.050  0.050  0.050 
   Vitamin A-D-E6 0.015 0.015  0.015 0.015  0.015  0.015 
   Rumensin-907 0.017 -  0.017 -  0.017  0.017 
   Tylan-408 0.009 0.009  0.009 0.009  0.009  0.009 
Diet TDN9 84.6 84.6  84.7 84.7  85.4  85.4 
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1 MDGS = modified distillers grains plus solubles. 
2 + Mon = Diets containing monensin, formulated to provide 375 mg/steer daily (Elanco Animal 
Health, Greenfield, IN). 
3 - Mon = Diets containing no monensin. 
4 Supplement formulated to be fed at 5% diet DM. 
5 Premix contained 6.0% Zn, 5.0% Fe, 4.0% Mn, 2.0% Cu, 0.29% Mg, 0.2% I, 0.05% Co. 
6 Premix contained 30,000 IU vitamin A, 6,000 IU vitamin D, 7.5 IU vitamin E per gram. 
7 Premix contained 198 g/kg monensin (Elanco Animal Health, Greenfield, IN). 
8 Premix contained 88 g/kg tylosin (Elanco Animal Health). 
9 TDN calculated based on values from NRC (2000). 
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Table 2. Composition of finishing diets containing 0 or 
50% modified distillers grains plus solubles fed to steers in 
calorimetry study (DM basis; Exp. 2). 
 Treatment1 
Ingredient CON MDGS2 
Dry-rolled corn 83 33 
MDGS - 50 
Corn silage 13 13 
Supplement3   
   Fine Ground Corn  1.725 2.534 
   Limestone 1.430 1.976 
   Urea 1.355 - 
   Salt 0.300 0.300 
   Tallow 0.100 0.100 
   Trace Mineral4 0.050 0.050 
   Vitamin A-D-E5 0.015 0.015 
   Rumensin-906 0.017 0.017 
   Tylan-407 0.009 0.009 
1 CON = corn-based diet; MDGS = diet containing 50% 
modified distillers grains plus solubles. 
2 MDGS = modified distillers grains plus solubles. 
3 Supplement formulated to be fed at 5% diet DM. 
4 Premix contained 6.0% Zn, 5.0% Fe, 4.0% Mn, 2.0% Cu, 
0.29% Mg, 0.2% I, 0.05% Co. 
5 Premix contained 30,000 IU vitamin A, 6,000 IU vitamin D, 
7.5 IU vitamin E per gram. 
6 Premix contained 198 g/kg monensin (Elanco Animal 
Health, Greenfield, IN). 
7 Premix contained 88 g/kg tylosin (Elanco Animal Health). 
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Table 3. Composition of finishing diets 0 or 2.0% nitrate and 0 or 
0.54% sulfate. (Exp. 3). 
 
- Nitrate1 
 
+ Nitrate1 
Ingredient - Sulf2 + Sulf2 
 
- Sulf2 + Sulf2 
Dry-rolled corn 35.75 35.75  35.75 35.75 
High-moisture corn 35.75 35.75  35.75 35.75 
MDGS3 10 10  10 10 
Alfalfa hay 7.5 7.5  7.5 7.5 
Molasses 5 5  5 5 
Supplement4      
   Ca(NO3)2
 - -  2.650 2.650 
   CaSO4
 - 0.770  - 0.770 
   Fine ground corn 3.469 3.286  2.944 2.174 
   Limestone 1.375 0.788  - - 
   Urea 0.750 0.750  - - 
   Salt 0.300 0.300  0.300 0.300 
   Tallow 0.015 0.015  0.015 0.015 
   Trace Mineral5 0.050 0.050  0.050 0.050 
   Vitamin A-D-E6 0.015 0.015  0.015 0.015 
   Rumensin-907 0.017 0.017  0.017 0.017 
   Tylan-408 0.009 0.009  0.009 0.009 
Diet TDN9 82.8 82.8  82.8 82.8 
1 - Nitrate = diet containing 0 added nitrate; + Nitrate = diet containing  
2 - Sulf = diet containing 0.54% dietary sulfate; + Sulf = diet containing 
no added sulfate. 
3 MDGS = modified distillers grains plus solubles. 
4 Supplement formulated to be fed at 6% diet DM. 
5 Premix contained 6.0% Zn, 5.0% Fe, 4.0% Mn, 2.0% Cu, 0.29% Mg, 
0.2% I, 0.05% Co. 
6 Premix contained 30,000 IU vitamin A, 6,000 IU vitamin D, 7.5 IU 
vitamin E per gram. 
7 Premix contained 198 g/kg monensin (Elanco Animal Health, 
Greenfield, IN). 
8 Premix contained 88 g/kg tylosin (Elanco Animal Health). 
9 TDN calculated based on values from NRC (2000). 
 
 
 
 
1
40
 
 
Table 4. Effect of source of dietary fat in the finishing diet on performance and carcass 
characteristics (Exp. 1). 
 Treatment1   
Item CON MDGS OIL TAL SEM P-value 
Performance       
  Initial BW, kg 419 418 410 405 15 0.89 
  Final BW, kg2 619 618 622 594 18 0.67 
  DMI, kg 11.2 11.0 11.1 10.6 0.3 0.37 
  ADG, kg 1.60 1.60 1.70 1.52 0.08 0.43 
  G:F 0.142 0.145 0.154 0.144 0.007 0.47 
Carcass characteristics      
  HCW, kg 390 390 391 374 11 0.67 
  Dressing %3 61.6 62.3 62.6 61.1 0.6 0.33 
  LM area, cm2 87.7 85.2 81.9 83.2 2.1 0.36 
  12th rib fat, cm 1.30 1.65 1.42 1.37 0.13 0.19 
  Calculated YG4 3.21 3.62 3.58 3.35 0.18 0.32 
  Marbling score5 465 438 412 406 24 0.30 
1 CON = corn-based diet with no added fat, MDGS = diet containing 50% modified distillers 
grains plus solubles, OIL = corn-based diet with 3% corn oil, TAL = corn-based diet with 3% 
tallow. 
 
 
 
 
1
41
 
2 Calculated as HCW/common dress (63%). 
3 Calculated as HCW/(Live BW × 0.96). 
4 Yield grade (YG) = 2.5 + (6.35 × fat thickness, cm) + (0.2 × 2.5% KPH) + (0.0017 × HCW, kg) – (2.06 × LM area, cm2) (Boggs and 
Merkel, 1993). 
5 400 = Small00. 
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Table 5. Effect of diet type and presence of monensin on finishing performance and carcass characteristics (Exp 1). 
 0 MDGS1  50 MDGS1  P-value2 
Item + Mon3 -Mon3  + Mon3 -Mon3 SEM Diet Mon D *M 
Performance          
  Initial BW, kg 419 420  418 412 16 0.79 0.88 0.81 
  Final BW, kg4 619 615  618 631 19 0.67 0.78 0.65 
  DMI, kg 11.2 10.9  11.0 11.5 0.4 0.56 0.86 0.22 
  ADG, kg 1.60 1.56  1.60 1.76 0.09 0.26 0.48 0.26 
  G:F 0.142 0.145  0.145 0.153 0.004 0.48 0.43 0.71 
Carcass characteristics        
  HCW, kg 390 388  390 398 12 0.67 0.78 0.65 
  Dressing %5 61.6 62.0  62.3 62.6 0.6 0.30 0.52 0.90 
  LM area, cm2 87.7 87.1  85.2 87.1 2.3 0.69 0.60 0.50 
  12th rib fat, cm 1.30 1.52  1.65 1.50 0.13 0.18 0.73 0.13 
  Calculated YG6 3.21 3.42  3.62 3.46 0.18 0.21 0.89 0.29 
  Marbling score7 465 410  438 463 26 0.60 0.53 0.11 
1 0 MDGS= diet containing no modified distillers grains plus solubles (MDGS), 50 MDGS= diets containing 50% MDGS  
2 P-value: Diet = main effect of diet (0 or 50% MDGS), Mon = main effect of presence of Monensin (Elanco Animal 
Health, Greenfield, IN), D*M = effect of interaction between diet type and monensin. 
3 + Mon = Diets containing monensin, formulated to provide 375 mg/steer daily, - Mon = Diets containing no monensin. 
4 Calculated as HCW/common dress (63%). 
5 Calculated as HCW/(Live BW × 0.96). 
6 Yield grade (YG) = 2.5 + (6.35 × fat thickness, cm) + (0.2 × 2.5% KPH) + (0.0017 × HCW, kg) – (2.06 × LM area, cm2) 
(Boggs and Merkel, 1993). 
7 400 = Small00. 
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Table 6. Effect of source of dietary fat in the finishing diet on methane production and ruminal VFA profile (Exp. 1). 
 Treatment1   
Item CON MDGS OIL TAL SEM P-value 
CH4:CO2 0.047
b 0.058a 0.054ab 0.049b 0.003 0.07 
L CH4/d
2 227 270 249 221 18 0.21 
L CO2/d
2 4774 4654 4633 4521 130 0.60 
L CH4/kg DMI
2 20.1 24.5 22.3 20.9 1.3 0.13 
L CH4/kg ADG
2 141.3 173.7 148.1 149.0 12.1 0.27 
Acetate, mol/100 mol 45.2 48.5 45.1 46.4 1.9 0.57 
Propionate, mol/100 mol 40.3 36.4 42.7 39.9 2.1 0.22 
Butyrate, mol/100 mol 8.1 8.2 6.1 7.3 1.1 0.45 
Acetate:Propionate 1.21 1.40 1.08 1.20 0.13 0.42 
1 CON = corn-based diet with no added fat, MDGS = diet containing 50% modified distillers grains plus solubles, OIL = corn-
based diet with 3% corn oil, TAL = corn-based diet with 3% tallow. 
2 Values calculated using equation of Madsen et al. (2010). 
a,b Means in a row with different superscripts are different (P  < 0.10). 
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Table 7. Effect of diet type and presence of monensin on methane production and ruminal VFA profile (Exp. 1). 
 0 MDGS  50 MDGS  P-value1 
Item + Mon2 - Mon3  + Mon - Mon SEM Diet Mon D *M 
CH4:CO2 0.047 0.053  0.058 0.056 0.003 0.03 0.56 0.19 
L CH4/d
4 227 247  270 260 18 0.12 0.77 0.41 
L CO2/d
4 4774 4610  4654 4780 167 0.87 0.90 0.37 
L CH4/kg DMI
4 20.1 22.5  24.5 22.5 1.3 0.10 0.81 0.11 
L CH4/kg ADG
4 141.3b 164.0ab  173.7a 149.9ab 13.8 0.49 0.97 0.08 
Acetate, mol/100 mol 45.2 44.1  48.5 45.3 1.9 0.23 0.24 0.57 
Propionate, mol/100 mol 40.3 41.7  36.4 40.2 2.1 0.20 0.20 0.56 
Butyrate, mol/100 mol 8.1 7.3  8.2 7.6 1.0 0.85 0.46 0.91 
Acetate:Propionate 1.21 1.10  1.40 1.14 0.12 0.34 0.12 0.56 
1 P-value: Diet = main effect of diet (0 or 50% MDGS), Mon = main effect of presence of monensin (Elanco Animal Health, 
Greenfield, IN), D*M = effect of interaction between diet type and monensin. 
2 + Mon = Diets containing monensin, formulated to provide 375 mg/steer daily. 
3 - Mon = Diets containing no monensin. 
4 Values were calculated using equation of Madsen et al. (2010). 
a,b Means in a row with different superscripts are different (P  < 0.10). 
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Table 8. Digestibility and methane production by steers consuming finishing diets 
containing 0 or 50% MDGS (DM basis; Exp. 2). 
 Treatment1   
Item CON MDGS SEM P-value 
DM intake, kg 10.6 10.2 0.6 0.57 
DM excreted, kg 2.5 3.0          0.4        0.21 
DM digested, kg 8.1 7.2          0.4        0.12 
DM digestibility, % 76.3 71.5 2.8 0.10 
OM intake, kg 10.2 9.5 0.6 0.27 
OM excreted, kg 2.3 2.6 0.4 0.32 
OM digested, kg 7.9 6.9 0.4 0.23 
OM digestibility, % 77.5 73.1 2.7 0.11 
CH4:CO2
          0.042          0.039          0.003 0.47 
CH4, L/d           133            122          7 0.26 
CH4, L/kg OM digested             17.1              18.3          1.4 0.53 
CO2, L/d         3199          3133      102 0.60 
1 CON = corn-based diet; MDGS = diet containing 50% modified distillers grains plus 
solubles. 
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 Table 9. Comparison of emissions data obtained through methods described in 
Exp. 1 or by calorimetry in Exp. 2.1 
 Method   
Item Calan2 Headbox3 SE P-value 
CH4:CO2     
   CON4 0.047 0.042 0.003 0.17 
   MDGS5  0.058 0.039 0.005 <0.01 
CH4, L/d     
   CON 227 133 17 <0.01 
   MDGS 270 122 24 <0.01 
CO2, L/d     
   CON 4774 3199 129 <0.01 
   MDGS 4654 3133 413 <0.01 
DMI, kg     
   CON 11.2 10.6 0.5 <0.01 
   MDGS 11.0 9.9 0.7 0.16 
1 Statistical comparison made using PROC T-test in SAS (SAS Inst. Cary, N.C.) 
2 Values obtained in Exp. 1, calculated with equation of Madsen et al. (2010). 
3 Values obtained in Exp. 2, through indirect calorimetry. 
4 CON = dry-rolled corn-based finishing diet. 
5 MDGS = finishing diets containing 50% modified distillers grains plus solubles.  
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Table 10. Effect of dietary nitrate and sulfate on performance and carcass characteristics of finishing steers 
(Exp.3). 
 - Nitrate1  + Nitrate1  P-value2 
Item - Sulf3 + Sulf3  - Sulf3 + Sulf3 SEM Nit Sulf Int 
Performance          
  Initial BW, kg 419 417  415 413 10 0.68 0.87 0.97 
  Final BW, kg4 638 612  602 596 12 0.02 0.16 0.40 
  DMI, kg 12.0 11.3  10.4 9.6 0.2   <0.01   <0.01 0.82 
  ADG, kg 1.67 1.49  1.43 1.40 0.06   <0.01 0.07 0.21 
  G:F 0.139ab 0.131b  0.137ab 0.145a 0.004 0.17 0.99 0.09 
Carcass Characteristics        
  HCW, kg 402 386  379 376 7 0.02 0.16 0.40 
  LM area, cm2 87.3 84.5  83.2 85.2 2.1 0.40 0.83 0.24 
  12th rib fat, cm. 1.39 1.26  1.10 1.13 0.10 0.03 0.60 0.43 
  Calculated YG5 3.40 3.28  3.14 3.03 0.17 0.12 0.50 0.97 
  Marbling score6 496 448  435 425 20 0.03 0.13 0.31 
1 - Nitrate = diet containing 0 added nitrate; + Nitrate = diet containing 2.0% dietary nitrate.  
2 P-value: Nit = main effect of nitrate, Sulf = main effect of sulfate, Int = effect of interaction between nitrate and sulfate. 
3 + Sulf = diet containing 0.54% dietary sulfate; - Sulf = diet containing no added sulfate. 
4 Calculated as HCW/common dress (63%). 
5 Yield grade (YG) = 2.5 + (6.35 × fat thickness, cm) + (0.2 × 2.5% KPH) + (0.0017 × HCW, kg) – (2.06 × LM area, cm2) 
(Boggs and Merkel, 1993). 
6 Marbling score: 400 = Small00. 
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Table 11. Effect of dietary nitrate and sulfate on methane production and VFA profile of finishing steers (Exp. 3). 
 
- Nitrate1  + Nitrate1 
 
P-value2 
Item - Sulf3 + Sulf3  - Sulf3 + Sulf3 SEM Nit Sulf Int 
CH4:CO2 0.044
ab 0.051a  0.047ab 0.040b 0.003 0.14 0.95 0.03 
L CH4/d
4 206 230  205 194 18 0.27 0.72 0.30 
L CO2/d
4 4591 4569  4554 4572 200 0.93 0.99 0.91 
L CH4/kg DMI
4 18.1ab 19.3ab  21.0a 17.7b 1.4 0.42 0.61 0.09 
L CH4/kg ADG
4 128.8 146.8  159.3 141.3 15.6 0.99 0.39 0.22 
Acetate, mol/100 mol 43.3 45.5  46.2 45.5 1.0 0.14 0.44 0.14 
Propionate, mol/100 mol 45.1 42.7  42.5 42.3 1.2 0.21 0.26 0.35 
Butyrate, mol/100 mol 5.3 5.4  5.7 5.7 0.5 0.45 0.92 0.95 
Acetate:Propionate 0.97 1.08  1.16 1.09 0.08 0.19 0.82 0.25 
1 - Nitrate = diet containing 0 added nitrate; + Nitrate = diet containing 2.0% dietary nitrate.  
2 P-value: Nit = main effect of nitrate, Sulf = main effect of sulfate, Int = effect of interaction between nitrate and sulfate. 
3 + Sulf = diet containing 0.54% dietary sulfate; - Sulf = diet containing no added sulfate. 
4 Values were calculated using equation of Madsen et al. (2010). 
a,b Means in a row with different superscripts are different (P  < 0.10). 
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Figure 1. Change in CH4:CO2 over the finishing period due to fat source
1 in Exp. 1.2 
 
1 Fat source: CON = dry-rolled corn based finishing diet, Corn Oil = corn-based diet with 
3% corn oil added, MDGS = diet containing 50% modified distillers grains plus solubles, 
Tallow = corn-based diet with 3% tallow added. 
2 SE = 0.012; diet × period (P = 0.02); period (P < 0.01); diet (P = 0.08).  Treatment 
differences exist at weeks 3, 4, 11, and 13 (P < 0.05). 
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Figure 2. Change in CH4:CO2 over the finishing period due to basal finishing diet
1 and 
presence or absence of monensin in Exp. 1.2 
 
1 CON + = dry-rolled corn based finishing diet providing 375 mg/steer daily monensin; 
CON - = corn-based diet with no monensin; MDGS + = diet containing 50% modified 
distillers grains plus solubles providing 375 mg/steer daily monensin, MDGS - = diet 
containing 50% modified distillers grains plus solubles and no monensin.  
2 SE = 0.01; diet × period (P = 0.06); period (P < 0.01); diet (P = 0.12).  Treatment 
differences exist at weeks 3, 11, and 13 (P < 0.05). 
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Figure 3. Diurnal variation in CH4:CO2 over 23 h in the headbox calorimeter for  
steers consuming dry-rolled corn or by-product based finishing diets1 in Exp. 2. 2 
 
1 CON = dry-rolled corn based finishing diet; MDGS = diet containing 50% modified 
distillers grains plus solubles. 
2 SE = 0.004; diet × time (P = 0.63); period (P < 0.01); diet (P = 0.73).   
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Figure 4. Change in CH4:CO2 over the finishing period due addition of nitrate and sulfate 
to the finishing diet1 in Exp. 3.2 
 
1 CON = dry-rolled corn based finishing diet; Nitrate = diet containing 2.0% nitrate; 
Sulfate = diet containing 0.54% sulfate; Combo = diet containing 2.0% nitrate and 0.54% 
sulfate. 
2 SE = 0.006; diet × time (P = 0.22); period (P < 0.01); diet (P = 0.13).   
 
